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Abstract
The objective of the dissertation is to flexibly control the end effector velocity of a redun-
dant 7-DOF manipulator by using a differential kinematics approach, while ensuring the
safety of the robotic arm from exceeding the physical limits of joints in terms of position,
velocity and acceleration. The thesis also contributes with a real-time obstacle avoidance
strategy for controlling anthropomorphic robotic arms in dynamic obstacle environments,
taking account of sudden appearances or disappearances of mobile obstacles. A method
for compensating force errors due to changes in the orientation of end effectors, inde-
pendent from structures of force sensors, is developed to achieve high accuracy in force
control applications. A novel method, the Virtual Elastic System, is proposed to control
mobile manipulators for physical Human-Robot Interaction (pHRI) tasks in dynamic en-
vironments, which enables the combination of an Inverse Differential Kinematics for re-
dundant robotic arms and a Dynamical Systems approach for nonholonomic mobile plat-
forms. Experiments with a 7-DOF robotic arm, side-mounted on a nonholonomic mobile
platform, are presented with the whole robot obstacle avoidance, proving the efficiency
of the developed method in pHRI scenarios, more specifically, cooperative human-robot
object transportation tasks in dynamic environments. Extensions of the method for other
mobile manipulators with holonomic mobile platforms or higher degrees of freedom ma-
nipulators are also demonstrated through simulations.
Keywords: Redundant Manipulator, Real-time obstacles avoidance, Anthropomorphic Mobile
Manipulator, Physical Human-Robot Interaction, Cooperative Object Transportation
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Chapter 1
Introduction
1.1 Anthropomorphic robotic systems
Nowadays, robotic systems have been playing an important role in the modern life. They
are participating in production lines of the industrial manufacturing, helping patients
during their recovery processes in hospitals, exploring deep oceans and space which
are unknown to man and even supporting humans during their daily lives. Benefiting
from advances in different technologies of mechanics, electronics, computers and con-
trols, robots have been improved in both of their physical capabilities and intelligence for
providing better services. Anthropomorphic robotics systems, which are capable to give
friendly interactions with humans, are highly desired for applications involving human-
robot physical interactions. Figure 1.1 presents two anthropomorphic robots ARoS and
Dumbo which are available at the Anthropomorphic and Mobile Robotics Laboratory of
the University of Minho. The available softwares, which were developed in the lab, en-
able the motion planning for the redundant 7-DOF manipulator to move the end effector
from place to place with human-liked movements ([Costa e Silva et al., 2011]) and the
navigation in dynamic environments of the mobile platform of the robot Dumbo while its
robotic hand is kept still ([Malheiro et al., 2012]).
1
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Figure 1.1: Anthropomorphic robotic systems, developed at the Anthropomorphic and
Mobile Robotics Laboratory of the University of Minho: ARoS (A) and Dumbo (B)
In applications such as tracking, grasping a mobile object or moving the end effector
with desired velocity profiles, the end effector needs to move at an equal or higher veloc-
ity to keep up with the moving target. In the case of using control strategies which allow
the end effector to move from position to position by generating trajectories, such as mo-
tion planning, changes in the target’s position or in its moving direction will most likely
result in recalculating trajectories. Therefore, in such dynamic target applications, these
control strategies become inadequate because of the high computational burden and also
lack of flexibility. The control of anthropomorphic robotic arms faces more challenges in
dynamic obstacle environments. When the end effector moves with a desired velocity, the
challenge is keeping the links of robotic arms free from collisions with mobile obstacles.
Moreover, sudden appearance or disappearance of obstacles in the workspace may result
in undesired reactions of the robotic arm if the adopted control strategy is not prepared
for these situations.
In anthropomorphic mobile manipulators, 7-DOF robotic arms can be side-mounted
on mobile platforms to provide friendly human interactions. However, these types of mo-
bile manipulators possess more geometric and kinematic constraints because rotational
2
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movements of the mobile platform change strongly the manipulator configuration and
may lead to a collision between the arm and the body. In the case of using a nonholo-
nomic mobile platform, its limited movements make control strategies face even more
challenges in ensuring the mobile platform to support the robotic arm properly while
still having enough flexibility to navigate through unstructured and dynamic environ-
ments. The control methods, e.g. [Janiak & Tchon, 2010] and [Luca et al., 2010], which
involve the calculation of an extended Jacobian matrix for unifying the control of mobile
platforms and manipulators, become inadequate because local optimizations, based on
the nullspace of the associated Jacobian, can not guarantee that all constraints between
manipulators and mobile platform are satisfied. Free obstacles navigation for both of the
manipulator and the mobile platform simultaneously is also a challenging issue.
Moreover, in physical human-robot interaction scenarios, robotic systems must re-
spect some safety requirements because they and human partners share the same workspace
to perform cooperative tasks. For instance, during human robot object transportation
tasks, the robot is not supposed to move or rotate the object without forces, torques ex-
erted by the human. Therefore, although anthropomorphic robotic systems are promising
to provide elegant interactions with humans, a powerful control method is highly desired
to fully exploit their capabilities and challenge physical Human-Robot Interaction appli-
cations.
1.2 Motivation of the thesis
The aims of this dissertation is to control a 7-DOF anthropomorphic robotic arm in velocity-
constrained tasks by using the Inverse Differential Kinematics approach (see, e.g. [Wang
et al., 2010] and [Papadopoulos & Poulakakis, 2000]). The kinematics of the redundant
manipulator is fully studied, which covers the construction of the Jacobian matrix and
the redundancy resolution and the singularity analysis. The safety of the robotic arm,
in term of physical joints limits of position, velocity and also acceleration, is taken into
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account with the real-time obstacle avoidance behavior for performing tasks in dynamic
target and obstacles environments.
Another objective of the thesis is to control an anthropomorphic mobile manipulator
for physical Human-Robot Interaction tasks in dynamic environments. A novel Virtual
Elastic System approach is proposed to combine an Inverse Differential Kinematics, e.g.
[Siciliano & Khatib, 2008] for redundant robotic arms and a Dynamical Systems approach,
e.g. [Bicho et al., 2000] for nonholonomic mobile platforms and achieve free obstacles
movements for the whole system.
Errors in forces and torques readings due to variations of the end effector orientation
need to be eliminated to achieve higher accuracy in force control applications and an error
compensation method is developed as another contribution of this work.
1.3 Organization of the thesis
The remainder of the thesis is organized into the following structure:
Chapter 2 presents the architecture of anthropomorphic robotic platforms, i.e. the
robots ARoS and Dumbo, which are used in this work.
Chapter 3 presents kinematics studies of a redundant 7 degrees of freedom manipu-
lator by using an Inverse Differential Kinematics approach. This includes the construction
of the Jacobian matrix and redundancy resolution and singularity analysis of the robotic
arm.
Chapter 4 focuses on exploiting the dexterity of the redundant robotic arm by op-
timizing the nullspace of the Jacobian matrix, which allows to control the 7-DOF anthro-
pomorphic robotic arm in velocity-constrained tasks with real-time obstacle avoidance
while ensuring the safety of the robotic arm from exceeding the physical limits of joints
in terms of position, velocity and acceleration.
Chapter 5 is dedicated to a method which allows to achieve higher accuracy in force
4
1. INTRODUCTION
control applications by removing the effect of the end effector orientation on forces and
torques readings.
Chapter 6 proposes a novel method, so-called Virtual Elastic System, which enables
the control of anthropomorphic mobile manipulators for physical Human-Robot Inter-
actions in dynamic environments with collisions avoidance for the whole system. Ex-
tensions for mobile manipulators with holonomic mobile platform or higher degrees of
freedom manipulators are illustrated through simulations.
And finally, Chapter 7 will summarize the work and discuss results.
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The experimental Anthropomorphic
Robotic Systems
2.1 ARoS-An Anthropomorphic Robotic System
The robot Aros is an anthropomorphic robotic system that was designed and built in the
Anthropomorphic and Mobile Robotics Laboratory of the University of Minho. Its con-
struction, as well as equipments mounted on it, were supported by two research projects:
• European IP project JAST (Joint-Action Science and Technology), financed by the Eu-
ropean Commission (ref.IST-2-003747-IP).
• Portuguese project Anthropomorphic robotic systems: control based on the processing
principles of human and other primates’ motor system and potential applications in service
robotics and biomedical engineering, financed by FCT (Fundacão para a Ciência e a
Tecnologia) and University of Minho (ref.CON-CRREEQ/17/2001).
The architecture of ARoS which is used in the first part of this thesis, is presented in
Figure 2.1. It consists of a vision system which is composed of two cameras, using stereo
image processing to provide 3D coordinates of objects in real-time. A pan-tilt module in
the neck of ARoS is used to change the direction where the robot is looking.
6
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Figure 2.1: The robot ARoS-Anthropomorphic Robotic System consists of a 7-DOF robotic
arm (A), a stereo vision system with two cameras mounted on a pan-tilt unit (B) and a 3
fingers robotic hand (C)
The anthropomorphic robotic arm of ARoS is the Light Weight Arm 7-DOF from
AMTEC Robotics/SchunkTM . It weights 12 kg and supports a total payload of 3 kg. The
arm consists of seven revolutes joints with rotation directions as in Figure 2.2. The robot
arm has some important points that are corresponding to the human arm:
S-Center of the Shoulder
E-Center of the Elbow
W-Center of the Wrist
H-Center of the Hand
The dimension of the robotic arm is proportional to the human arm and the lengths of
its links are available in Table 2.1. Characteristics of joints include joint limits, minimum
increments, maximum velocities and maximum accelerations are available in Table 2.2.
The joint values in the table are in the case that all the robot links are stretched out. The
manufacturer, AMTEC Robotics/SchunkTM , provides high level interface functions while
the low level control is performed, in each joint, by an embedded Proportional-Integral-
7
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Figure 2.2: The 7-DOF Light Weight Arm from AMTEC Robotics/SchunkTM and the hand
of BH8-series from BarrettHandTM : the real image of the arm and the hand (a) and their
CAD models (b).
Table 2.1: Lengths of robotic arm links
Description Notation Length (mm)
Distance from the Base to the Shoulder D1 400
Distance from the Shoulder to the Elbow D3 395
Distance from the Elbow to the Wrist D5 370
Distance from the Wrist to the Hand D7 260
Derivative (PID) controller. The controller guarantees that tasks will be executed in de-
sired time intervals unless the high level interface issues an error.
The robotic arm is equipped with a 6-DOF force sensor FCT50 from SchunkTM at
the wrist, which captures forces and torques acting on the end effector. The end effector is
a robotic hand of the BH8-series from BarrettHandTM . It has three fingers, each with one
degree of freedom and two of the fingers have an extra degree of freedom, for providing
lateral mobility and allows for objects to be grasped in different ways. Each of the fingers
8
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is equipped with a force sensor that provides feedback of the grasped object.
Table 2.2: Characteristics of joints
Joint limits Max velocity Max acceleration
(deg) (deg/sec) (deg/sec2)
θ1 [-165,165] 52.2 208.8
θ2 [-105,91] 52.2 208.8
θ3 [-165,165] 52.2 208.8
θ4 [-115,106] 41.2 164.8
θ5 [-165,165] 41.2 164.8
θ6 [-120,120] 240.0 960.0
θ7 [-165,165] 360.0 1440.0
2.2 Dumbo-An anthropomorphic Mobile Manipulator
The architecture of the anthropomorphic mobile manipulator Dumbo, used in the second
part of this work, is presented in Figure 2.3. The robot is also equipped with a Light
Weight Arm 7-DOF from AMTEC Robotics/SchunkTM with a robotic hand of the BH8-
series from BarrettHandTM . A 6-DOF force sensor FCT50 from SchunkTM is mounted
on the wrist, which captures forces and torques acting on the end effector. In addition,
the anthropomorphic robotic arm is side-mounted on a nonholonomic 2-wheels mobile
platform for providing human friendly interactions.
On the top of the mobile platform, there is a vision system which consists of two
cameras, using stereo image processing to provide 3D coordinates of objects in real-time.
9
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Figure 2.3: The experimental anthropomorphic mobile manipulators Dumbo consists of
a stereo vision system with two cameras mounted on a pan-tilt unit (A), a 7-DOF robotic
arm (B), side-mounted on a nonholonomic mobile platform, a 6 DOF force sensor (C),
mounted at the Wrist, a 3 fingers robotic hand (D) for grasping objects and a laser range
finder (E) for acquiring distances from obstacles. The robot is also equipped with a
speaker for verbal communication and operates with two 24V batteries
The vision system is mounted on a pan-tilt module, acting like a neck to change the direc-
tion where the robot is looking. Verbal communication with the human partner during
interactions is provided by equipping a speaker with speech synthesis from Speech Ap-
plication Programming Interface that is available from Microsoft. The mobile platform
10
2. THE EXPERIMENTAL ANTHROPOMORPHIC ROBOTIC SYSTEMS
has also a laser range finder URG-04LX to acquire distances from obstacles up to 4 meters
on the ground. The robot is powered by two 24V batteries which enables it to move long
distances to perform tasks involving physical interactions with humans.
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Chapter 3
Differential Kinematics for a redundant
7-DOF robotic arm
3.1 Basic concepts
3.1.1 Spatial descriptions and transformations
Consider {W} as the world coordinate system with unit vectors {xˆ, yˆ, zˆ}, any point P in
the world can be expressed in this reference frame as WP = [px, py, pz]T . The rotation of a
reference frame {A} relative to {W} with unit vectors xˆA, yˆA, zˆA expressed in {W} is a 3x3
matrix, called rotation matrix, WRA, whose columns are unit vectors.
WRA = [xˆA, yˆA, zˆA] . (3.1)
Every rotation matrix is a proper orthonormal matrix since (WRA)T .WRA = I and
its inverse is simply its transpose i.e. (WRA)−1 = (WRA)T , defining the rotation of {W}
relative to {A}.
Consider two frames {A} and {B} with their origins OA and OB, and the rotation
matrix ARB of {A} relative to {B}, we would like to determine the description of a vector
12
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P in {A}, i.e. AP , given the known description of P in {B}, i.e. BP .
AP =A OB +
A (OBP ) =
A OB +
A RB
BP, (3.2)
where AOB is the description of the origin OB in {A}. This expression can be written in
another form: [
AP
1
]
=

ARB
AOB
0 0 0 1

[
BP
1
]
APh =
ATBB Ph. (3.3)
where h stands for homogeneous and the matrix ATB is called the homogeneous transfor-
mation matrix from B to A, or simply the transformation matrix.
The rotation matrix ARB = [AxˆB,A yˆB,A zˆB] has nine elements but can be specified by
only three parameters because of constraints of unit vectors. The orientation of a reference
frame relative to another is represented by three rotations about three orthonormal axes.
The most common rotation representations are X-Y-Z fixed angle, Z-Y-X Euler angle and
Z-Y-Z Euler angle. In X-Y-Z fixed angle representation, which is used in this chapter, the
rotation of the frame {B} relative to the frame {A} involves three steps: rotating a frame
coinciding with {A} about xA by an angle γ, then about yA by an angle β and, finally, about
zA by an angle α. By using the roll, pitch, yaw angles, i.e. α, β and γ angles, the rotation
matrix is determined by the following expression:
ARB(γ, β, α) = Rz(α).Ry(β).Rx(γ)
=

cα −sα 0
sα cα 0
0 0 1


cβ 0 sβ
0 1 0
−sβ 0 cβ


1 0 0
0 cγ −sγ
0 sγ cγ

=

cα.cβ cα.sβ.sγ − sα.cγ cα.sβ.cγ + sα.sγ
sα.cβ sα.sβ.sγ + cα.cγ sα.sβ.cγ − cα.sγ
−sβ cβ.sγ cβ.cγ
 . (3.4)
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where the notations of c and s stand for cosine and sine of the associated angle, respec-
tively.
3.1.2 Denavit-Hartenberg convention
In robotics, the Denavit-Hartenberg (D-H) convention is commonly used for describing
robot arms. The robot arm will be reset to its zero position whose joint angles are equal
to zero. The following procedure is used for attaching properly reference frames to robot
links (Craig [2005]):
1. Assign the Zi axis pointing along the ith joint axis.
2. Identify the common perpendicular between Z axes, or point of intersection. At
the point of intersection, or at the point where the common perpendicular meets
the ith axis, assign the link-frame origin.
3. Assign the Xi axis pointing along the common perpendicular, or, if the axes inter-
sect, assign Xi to be normal to the plane containing the two axes.
4. Assign the Y axis to complete a right-hand coordinate system.
5. Assign the frame attaching to the robot base {0} to match frame {1} when the first
joint variable is zero. For the last frame {N}, choose an origin location and XN
direction freely, but generally so as to cause as many linkage parameters as possible
to become zero.
After reference frames are determined, Denavit-Hartenberg parameters (3.1) are defined
as follows:
ai−1 = the distance from Zi−1 to Zi measured along Xi−1
αi−1 = the angle from Zi−1 to Zi measured about Xi−1
di = the distance from Xi−1 to Xi measured along Zi
θi = the angle from Xi−1 to Xi measured about Zi
14
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Figure 3.1: D-H parameters
Using those parameters, the transformation matrix i−1Ti that transforms vectors de-
fined in {i} to their description in {i-1} is determined:
i−1Ti = Rot(Xi−1, αi−1).T rans(Xi−1, ai−1).Rot(Zi, θi).T rans(Zi, di)
=

1 0 0 0
0 cαi−1 −sαi−1 ai−1
0 sαi−1 cαi−1 0
0 0 0 1


cθi −sθi 0 0
sθi cθi 0 0
0 0 1 di
0 0 0 1

=

cθi −sθi 0 ai−1
sθi.cαi−1 cθi.cαi−1 −sαi−1 −sαi−1.di
sθi.sαi−1 cθi.sαi−1 cαi−1 cαi−1.di
0 0 0 1

. (3.5)
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3.2 Geometric Kinematics of a 7 DOF manipulator
3.2.1 Direct Geometric Kinematics
The goal of the direct geometric kinematic is to determine the position and the orienta-
tion of the end effector from the joint angles {θ1, θ2, θ3, θ4, θ5, θ6, θ7}. Figure 3.2 depicts the
Figure 3.2: The 7-DOF manipulator with reference frames assigned by following the
Denavit-Hartenberg convention ([Costa e Silva, 2011])
7-DOF manipulator at the zero position of joints with reference frames assigned by fol-
lowing the Denavit-Hartenberg convention. The D-H parameters for the arm is available
in Table 3.1. All parameters are constant, except joint angles θi because all seven joints of
ARoS are revolute.
For simplicity, let us denote cos(θi) and sin(θi) as cθi and sθi for i = 1, ..., 7. The
transformation matrices are calculated by applying Eq 3.5 and presented in the following
16
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Table 3.1: D-H parameters for a 7-DOF manipulator
i αi−1 ai−1 di θi
(deg) (mm) (mm) (deg)
1 90 0 340 θ1
2 90 0 0 θ2
3 -90 0 395 θ3
4 90 0 0 θ4
5 -90 0 370 θ5
6 90 0 0 θ6
7 -90 0 260 θ7
equations:
0T1 =

cθ1 −sθ1 0 0
0 0 −1 −D1
sθ1 cθ1 0 0
0 0 0 1

, (3.6)
For i = 2, 4, 6
i−1Ti =

cθi −sθi 0 0
0 0 −1 0
sθi cθi 0 0
0 0 0 1

, (3.7)
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For i = 3, 5, 7
i−1Ti =

cθi −sθi 0 0
0 0 1 Di
−sθi −cθi 0 0
0 0 0 1

. (3.8)
The total transformation matrix 0T7 is acquired by multiplying all seven transformation
matrices. It is a 4x4 matrix and allowing to extract the position of the end effector, O7, and
also three axes of the hand reference frame, all expressed in the base reference frame {0}.
0T7 =
0 T1
1T2
2T3
3T4
4T5
5T6
6T7 =
 0Xˆ7 0Yˆ7 0Zˆ7 0Oˆ7
0 0 0 1
 . (3.9)
The orientation of the end effector is also determined by acquiring the roll, pitch and yaw
angles {α, β, γ} from the rotation matrix 0R7:
0R7(γ, β, α) =
[
0Xˆ7
0Yˆ7
0Zˆ7
]
=

r11 r12 r13
r21 r22 r23
r31 r32 r33
 . (3.10)
By comparing with the equation 3.4, in case of cβ 6= 0, i.e. r31 6= ±1, the solution will be:
β = arctan
(
−r31,
√
r211 + r
2
21
)
, (3.11)
α = arctan
(
r21
cβ
,
r11
cβ
)
, (3.12)
γ = arctan
(
r32
cβ
,
r33
cβ
)
, (3.13)
If r31 = 1,
β = −pi
2
, (3.14)
α = 0, (3.15)
γ = − arctan(r12, r22), (3.16)
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If r31 = −1,
β =
pi
2
, (3.17)
α = 0, (3.18)
γ = arctan(r12, r22). (3.19)
Similarly, the position and orientation of the Shoulder, the Elbow and the Wrist can be
extracted from the transformation matrices 0T1, 0T3 and 0T5, respectively.
3.2.2 Inverse Geometric Kinematics
The goal of the inverse geometric kinematics is to determine the joint angles {θ1, θ2, θ3,
θ4, θ5, θ6, θ7}, given the position {xe, ye, ze} and the orientation of the end effector. The
orientation will be specified by the roll, pitch and yaw angles {α, β, γ}. Because the robotic
arm is redundant, seven joint angles need to be solved from six equations. Thus, the
inverse kinematics have an infinite number of solutions as illustrated in Figure 3.3. The
position of the Shoulder is fixed relative to the Base and the position of the Wrist is also
fixed if the position and orientation of the end effector are given. However, the arm is
still able to rotate around the fixed axis Shoulder-Wrist (SW) without changing the pose
of the hand and positions of the Elbow form a circle. Therefore, by introducing a new
variable ψ, the angle between the plane formed by the Shoulder, the Elbow and the Wrist
with the plane which is parallel to the floor and contains the Shoulder and the Wrist, only
one solution for each value of the Arm plane angle ψ is acquired ([Costa e Silva, 2011]).
3.2.3 Solution of θ4
From given values of angles {α, β, γ}, the total rotation matrix 0R7 is calculated by using
Eq 3.4. Combining with the position of the end effector 0O7 = [xe ye ze]
T , the total
transformation matrix 0T7 is determined by Eq 3.9. The position of the Shoulder is fixed,
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Figure 3.3: Infinite solutions for the inverse geometric kinematics in a 7-DOF manipulator
i.e. S = [0 −D1 0]T and the position of the Wrist is computed by:
W = 0O5 =
0O7 −D7 0Zˆ7, (3.20)
Thus, the distance of the Shoulder-Wrist is:
LSW =
√
x2W + (yW +D1)
2 + z2W , (3.21)
where xW , yW and zW are the coordinates of the Wrist, computed from Eq 3.20. The joint
angle θ4 is determined by using the Cosine theorem in the triangle SEW as illustrated in
Figure 3.4.
θ4 = − arccos(L
2
SW −D23 −D25
2D3D5
). (3.22)
3.2.4 Determining the Elbow
Denote C as the center of the circle where the Elbow is located, using the Cosine theorem
in the triangle SEW:
cos(η) =
D23 + L
2
SW −D25
2D3LSW
, (3.23)
20
3. DIFFERENTIAL KINEMATICS FOR A REDUNDANT 7-DOF ROBOTIC ARM
Figure 3.4: Introducing the Arm plane angle ψ for redundancy resolution in inverse geo-
metric kinematics
Then, the distance from C to the Shoulder is
LSC = D3cos(η) =
D23 + L
2
SW −D25
2LSW
, (3.24)
The position of the circle center C is
C = W + (W − S) LSC
LSW
, (3.25)
where W and S are the coordinates of the Wrist and the Shoulder, respectively. The radius
of the circle, R is computed by:
R =
√
D23 − L2SC . (3.26)
The unit vector uˆ located in the plane which is parallel to the floor and containing the line
SW is determined by:
uˆ =
1
LWS
((W − S)× Z0), (3.27)
and the unit vector vˆ is computed from:
vˆ =
1
LWS
(uˆ× (W − S)). (3.28)
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By introducing the Arm plane angle ψ between the plane Shoulder-Elbow-Wrist and the
plane containing the vector uˆ and the line WS, the position of the Elbow is determined
by:
E = C +R(uˆ cosψ − vˆ sinψ), (3.29)
Then, the axes of the reference frame {4} are determined.
Z4 =
(W − E)× (E − S)
‖(W − E)× (E − S)‖ , (3.30)
Y4 =
W − E
‖W − E‖ , (3.31)
X4 = Y4 × Z4. (3.32)
From here, the rotation matrices 0R4 and 3R4 are specified.
3.2.5 Solutions of θ1, θ2 and θ3
The rotation matrix 0R3 is computed from the rotation matrices 0R4 and 3R4:
0R3 =
0 R4(
3R4)
−1 =0 R4(3R4)T , (3.33)
Simultaneouly, the matrix 0R3 can also be calculated from values of θ1, θ2 and θ3:
0R3 =

cθ1cθ2cθ3 − sθ1sθ3 −cθ1cθ2sθ3 − sθ1cθ3 −cθ1sθ2
−sθ2cθ3 sθ2sθ3 −cθ2
sθ1cθ2cθ3 + cθ1sθ3 −sθ1cθ2sθ3 + cθ1cθ3 −sθ1sθ2
 =

r11 r12 r13
r21 r22 r23
r31 r32 r33
 , (3.34)
Then, the solution of θ2 is:
θ2 = arctan
(
−
√
1− r232,−r23
)
, (3.35)
If sθ2 6= 0, the solutions of θ1 and θ3 will be:
θ1 = arctan
(−r33
s2
,
−r13
s2)
)
, (3.36)
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θ3 = arctan
(
r22
s2
,
−r21
s2)
)
, (3.37)
If sθ2 = 0, this singularity will be overcome by choosing a value for θ1:
θ1 = 0, (3.38)
θ3 = arctan(r31, r11). (3.39)
3.2.6 Solutions of θ5, θ6 and θ7
The rotation matrix 4R7 is computed from the rotation matrices 0R7 and 0R4:
4R7 = (
0R4)
−1(0R7) = (0R4)T (0R7), (3.40)
Simultaneously, the rotation matrix 4R7 can also be calculated from values of θ5, θ6 and θ7:
4R7 =

cθ5cθ6cθ7 − sθ5sθ7 −cθ5cθ6sθ7 − sθ5cθ7 −cθ5sθ6
−sθ6cθ7 −sθ6sθ7 cθ6
−sθ5cθ6cθ7 − cθ5sθ7 sθ5cθ6sθ7 − cθ5cθ7 sθ5sθ6
 =

r11 r12 r13
r21 r22 r23
r31 r32 r33
 , (3.41)
Then, the solution of θ6 is
θ6 = arctan
(
−
√
1− r232, r23
)
, (3.42)
If sθ6 6= 0, the solutions of θ5 and θ7 will be:
θ5 = arctan
(
r33
s6
,
−r13
s6
)
, (3.43)
θ7 = arctan
(−r22
s6
,
r21
s6
)
, (3.44)
If sθ6 = 0, this singularity will be overcome by choosing a value for θ5:
θ5 = 0, (3.45)
θ7 = arctan(−r31, r11). (3.46)
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3.2.7 Discussion
The geometric kinematics approach allows to move the robotic arm from position to po-
sition. However, it requires the position and orientation of the end effector to be specified
for solving joint angles. In case of the 7-DOF robotic arm, the value of the Arm plane
angle ψ must be selected for redundancy resolution.
The differential kinematics approach gives many advantages over the geometric
kinematics in term of flexibility. The dexterity of redundant robotic arms is exploited
flexibly. More specifically, the method allows to specify only components of the end ef-
fector velocity vector that need to be controlled for solving the joint velocities and thus,
leaving more degree of freedom of the manipulator to implement additional behaviors
such as joint limits avoidance and obstacle avoidance.
3.3 Differential kinematics of a 7 DOF manipulator
3.3.1 Direct differential kinematics
In direct differential kinematics, the velocity of the end effector, VE , (attached to the ref-
erence frame {7}), with respect to the base reference frame {0}, can be obtained from the
velocities of joints by:
VE =
0 J7q˙, (3.47)
where VE and q˙ are the velocity of the end effector and the joints respectively.
VE = [ vX vY vZ ωX ωY ωZ ]
T , (3.48)
q˙ = [ θ˙1 θ˙2 θ˙3 θ˙4 θ˙5 θ˙6 θ˙7 ]
T
. (3.49)
and 0J7 is the direct Jacobian matrix.
In the 7 DOF robotic arm, all seven joints are revolute, therefore the direct Jacobian
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can be computed from:
0J7 =
[
0Z1 × (0O7 −0 O1) ... 0Z7 × (0O7 −0 O7)
0Z1 ...
0Z7
]
, (3.50)
where the vectors 0Zi and 0Oi, used for constructing the columns of the Jacobian matrix
0J7, are extracted from the transformation matrices 0Ti.
0Ti =
i∏
j=1
j−1Tj =

0Xˆi
0Yˆi
0Zˆi
0Oi
0 0 0 1
 . (3.51)
and the individual transformation matrices i−1Ti are computed by using Eq 3.6, 3.7 and
3.8.
3.3.2 Inverse differential kinematics
To control the robotic arm, the joints velocity q˙ needs to be calculated from the velocity
of the end effector VE which involves the inverse differential kinematics problem. In the
case of the redundant robotic arm, the direct Jacobian 0J7 is a non-squared 6x7 matrix,
thus the pseudo-inverse 0J∗7 will be used instead of the inverse Jacobian which does not
exist. The pseudo-inverse matrix which satisfies the Moore-Penrose condition (Siciliano
& Khatib [2008]), is computed from :
0J∗7 =
0JT7 (
0J7
0JT7 )
−1, (3.52)
where 0JT7 is the transpose of the direct Jacobian. The general solution for the inverse
differential kinematics is :
q˙ = 0J∗7 VE +
0J7,null q˙opt, (3.53)
where the vector q˙opt is an arbitrary joint-space velocity and the matrix 0J7,null is a squared
7x7 matrix, computed from:
0J7,null = (I − 0J∗7 0J7). (3.54)
where I is the 7x7 identity matrix.
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3.3.3 Redundancy exploitation
The first term in Eq 3.53 is a direct mapping from a desired velocity VE of the end effector
to a joints velocities vector q˙ with minimum norm (Whitney [1972]) while the second term
is a null-space velocity that can be added to the joints velocity vector q˙ without changing
the end effector velocity. Therefore, the nullspace is quite useful to exploit the dexterity of
the arm for other tasks while the end effector is still kept moving with a desired velocity.
The square 7x7 matrix 0J7,null enables the conversion of an arbitrary vector q˙opt in joint-
space to a nullspace velocity. The construction of the vector q˙opt from criterion functions
which need to be optimized for addition behaviors including the singularity avoidance,
joints limits avoidance and real-time obstacle avoidance is dedicated in Chapter 4.
One of the advantages of the differential kinematics approach is the capability of in-
creasing the dimension of the nullspace, based on the task which the manipulator needs to
perform. During normal operations, i.e. the robotic arm is not in a singularity configura-
tion, the Jacobian 0J7 has a full rank of 6 when all six components of the end effector need
to be controlled. Thus, the rank of the matrix 0J7,null, i.e. the dimension of the nullspace,
is equal to 1. For performing tasks, some of the six components of the velocity of the end
effector are constrained. For instance, moving the center of the hand along a curve only
requires three linear components of the end effector velocity to be controlled while three
angular velocity components can be left floating. For tasks requiring less degrees of free-
dom, a modified Jacobian, formed by removing the respective rows associated with the
uncontrolled velocity components from the Jacobian matrix, will be used instead. Thus,
the rank of the matrix 0J7,null or the dimension of the nullspace is increased by the same
number of uncontrolled velocity components.
3.3.4 Jacobian decomposition technique
This section allows to decompose the Jacobian matrix 0J7 into three simpler matrices,
which benefits the singularity analysis in the section 3.3.5. According to Dombre & Khalil
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[2007], the Jacobian matrix will become simpler if it is represented in the kth reference
frame with k - the integer number closest to the dividend of N - the number of links
and 2. This makes sense because the Jacobian matrix is computed from N transformation
matrices kTi (i = 1, .., N ) formed by multiplying |k − i|matrices. If k is chosen to be equal
to N/2, these transformation matrices will be in their simplest forms. By changing the
reference frame from {0} to {3}, the Jacobian matrix 0J7 is decomposed into two matrices
as in the following equation:
0J7 =
 0R3 0
0 0R3
 3J7, (3.55)
The matrix 3J7 can be decomposed further by:
3J7 =

I
0 −Lz Ly
Lz 0 −Lx
Ly Lx 0
0 I

3J5 (3.56)
where Lx,Ly,Lx are components of vector 3L7,5. To calculate this vector, vector 0L5,7 is
extracted from the fourth column of the transformation matrix 5T7 and is represented in
reference frame {3} by using the rotation matrix 3R0:
3L7,5 = −3R0 0L5,7
= D7

c4c5s6 + c6s4
s5s6
c5s4s6 − c4c6
 , (3.57)
The matrix 3J5 is computed by the following equation:
3J5 =
3Z1 × (3O5 −3 O1) · · · 3Z7 × (3O5 −3 O7)
3Z1 · · · 3Z7
 , (3.58)
Because three z axes of reference frames {5}, {6} and {7} intersect themselves at one point,
i.e. the origin of the reference frame {5} attaching to the Wrist, the matrix 3J5 has a simple
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structure of:
3J5 =
J11 0
J21 J22
 , (3.59)
where,
J11 =

−s2s3(D3 +D5c4) −c3(D3 +D5c4) 0 −D5c4
−D5c2s4 − c3s2(D3 +D5c4) s3(D3 +D5c4) −D5s4 0
−D5s2s3s4 −D5c3s4 0 −D5s4
 , (3.60)
J21 =

c3s2 −s3 0 0
−s2s3 −c3 0 −1
c2 0 1 0
 , (3.61)
J22 =

−s4 c4s5 −c6s4 − c4c5s6
0 −c5 −s5s6
c4 s4s5 c4c6 − c5s4s6
 . (3.62)
In summary, the Jacobian matrix 0J7 can be decomposed into three simple matrices:
0J7 =
 0R3 0
0 0R3


I
0 −Lz Ly
Lz 0 −Lx
Ly Lx 0
0 I

3J5. (3.63)
where 3L7,5 = [Lx, Ly, Lz]T and 3J5 are determined by Eq 3.57 and 3.59, respectively.
3.3.5 Singularity analysis
The solution of the inverse differential kinematics, i.e. the mapping from a desired veloc-
ity VE of the end effector to a joints velocities vector q˙, exists only if the pseudo-inverse
of the Jacobian (Eq 3.52) exists. Thus, sets of joints value q = [θ1, θ2, θ3, θ4, θ5, θ6, θ7]T that
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satisfy the following equation, are singularity configurations:
det( 0J7
0JT7 ) = 0. (3.64)
However, the Jacobian matrix 0J7 can be decomposed into three simple matrices (Eq 3.63).
The determinants of the first and the second matrix in Eq 3.63 are always different from 0
because of their structures. Therefore, the condition in Eq 3.64 becomes:
det( 3J5
3JT5 ) = 0. (3.65)
Thus, singularities can be computed by using the simple matrix 3J5 (Eq 3.59) instead of
the complex 0J7. The technique for singularity analysis that is used by Cheng et al. [1998],
separates the singularity problem into the position singularities
det(J11J
T
11) = 0, (3.66)
and the orientation singularities
det([J21J22][J21J22]
T ) = 0. (3.67)
However, Eq 3.67 is a strong condition which makes the method fail to detect all singu-
larities. The following technique which allows to explore exhaustively all singularities of
the redundant manipulator, is proposed.
The singularity configurations in Eq 3.65 makes the rank of the 6x7 matrix 3J5 be
lesser or equal to 5. This happens when the matrix 3J5 loses the linear independence
of one row or two columns. The conditions that meet this requirement are listed in the
following table.
The condition 1 and 2 are the solution of Eq 3.66. To solve it, let denote the 3x4
matrix J11 = [J111 J211 J311 J411]T with J i11 is the ith column vector of J11. By using the
Binet−Cauchy identity, Eq 3.66 becomes:
det(J11J
T
11) =
4∑
i=1
M211,i = 0, (3.68)
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Table 3.2: Singularity conditions for the 7-DOF manipulator
Condition Requirements
1 J11 loses the linear independence of 1 row
2 J11 loses the linear independence of 2 columns
3 J22 loses the linear independence of 1 row
4 J22 loses the linear independence of 2 columns
5 J22 and [J11 J21]T , each one loses the linear independence of 1 column
where M11,1,M11,2,M11,3,M11,4 are the determinants of 3x3 submatrices of J11:
M11,1 = det([J
1
11 J
2
11 J
3
11]) = 0, (3.69)
M11,2 = det([J
2
11 J
3
11 J
4
11]) = −D3D25c3s24, (3.70)
M11,3 = det([J
3
11 J
4
11 J
1
11]) = −D3D25s2s3s24, (3.71)
M11,4 = det([J
4
11 J
1
11 J
2
11]) = D3D5s4(D3s2 +D5s2c4 +D5s4c2c3). (3.72)
Thus, singularities are configurations that make all four determinants be zero simultane-
ously (Table 3.3). The combined condition is:
s4 = 0, (3.73)
s2 = 0 ∧ c3 = 0. (3.74)
By considering the 3x3 matrix J22, the condition
s6 = 0 ∧ c5 = 0. (3.75)
makes it lose the linear independence of 1 row, thus leads to singularities while the con-
dition s6 = 0 makes it lose the linear independence of 1 column. Therefore, the joints
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Table 3.3: Rank-deficient conditions of J11
Condition Solution
M111 = 0 any configuration
M112 = 0 s4 = 0 ∨ c3 = 0
M113 = 0 s4 = 0 ∨ s3 = 0 ∨ s2 = 0
M114 = 0 s4 = 0 ∨D3s2 +D5s2c4 +D5s4c2c3 = 0
configurations make the matrix [J11 J21]T lose the linear independence of 1 column, are
the last singularities. Let us consider the matrix J21:
det(J21J
T
21) =
4∑
i=1
M221,i = 0, (3.76)
where M21,1,M21,2,M21,3,M21,4 are the determinants of 3x3 submatrices of J21:
M21,1 = det([J
1
21 J
2
21 J
3
21]) = −s2, (3.77)
M21,2 = det([J
2
21 J
3
21 J
4
21]) = −s3, (3.78)
M21,3 = det([J
3
21 J
4
21 J
1
21]) = c3s2, (3.79)
M21,4 = det([J
4
21 J
1
21 J
2
21]) = s3c2. (3.80)
The condition 5 in Table 3.2 requires submatrices of J11 and J21 be rank-deficient in pairs
as listed in Table 3.4. The combined condition is
s6 = 0 ∧ s2 = 0. (3.81)
By taking into account of joint limits in Table 2.2, all singularities of the 7-DOF ma-
nipulator in the 6D taskspace (Eq 3.73, 3.75, 3.81) are listed in Table 3.5.
In fact, the number of singularities depends on the dimension of the taskspace, i.e.
a joint configuration is a singularity for tasks requiring 6 degrees of freedom but it may
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Table 3.4: Rank-deficient conditions for submatrices of J11 and J21
Condition Condition for J11 Condition for J21
M11,1 = M21,1 = 0 Any configuration s2 = 0
M11,2 = M21,2 = 0 c3 = 0 s2 = 0
M11,3 = M21,3 = 0 s3 = 0 or s2 = 0 c3 = 0 or s2 = 0
M11,4 = M21,4 = 0 L3s2 + L5s2c4 + L5s4c2c3 = 0 s3 = 0 or c2 = 0
Table 3.5: All singularities in 6D task-space
Singularity Condition Value of joints (degree)
1 s4 = 0 θ4 = 0
2 c3 = 0; s2 = 0 θ3 = 90; θ2 = 0
3 c3 = 0; s2 = 0 θ3 = −90; θ2 = 0
4 s6 = 0; c5 = 0 θ6 = 0; θ5 = 90
5 s6 = 0; c5 = 0 θ6 = 0; θ5 = −90
6 s6 = 0; s2 = 0 θ6 = 0; θ2 = 0
be not for the tasks requiring less degree of freedom. Singularities for tasks requiring
less degree of freedom are a subset of 6D taskspace singularities. The singularity analysis
allows us to acknowledge all singularities of the 7-DOF manipulator which is necessary
before applying the differential kinematics approach for controlling the velocity of the
end effector. The manipulator is not supposed to start its movements in these singular-
ity configurations because excessive joint velocities may damage the robotic arm. The
singularity avoidance during tasks is implemented in Chapter 4.
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Chapter 4
Control of a 7-DOF anthropomorphic
robotic arm in velocity-constrained tasks
with real-time obstacle avoidance
4.1 Introduction
Redundant anthropomorphic robotic arms with seven degrees of freedom (DOF), pos-
sessing more dexterity to perform complex movements, have become very popular, espe-
cially within the field of service robotics. In the effort of imitating the structure of human
arms with three DOF in the shoulder, one DOF in the elbow and three DOF in the wrist,
these robotic arms are expected to operate safely in dynamic environments. For instance,
in applications such as tracking, grasping a mobile object or moving the end effector with
desired velocity profiles, the end effector needs to move at an equal or higher velocity to
keep up with the moving target. In the case of using control strategies which allow the
end effector to move from position to position by generating trajectories, such as motion
planning, changes in the target’s position or its moving direction will most likely result
in recalculating trajectories. Therefore, in such dynamic target applications, these control
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strategies become inadequate because of the high computational burden and also lack of
flexibility. Adequate control strategies must be able to control the velocity of the end ef-
fector in a flexible way while ensuring the safety of the robotic arm, for instance, the joints
should not exceed their physical limits in term of position, velocity and also acceleration.
Figure 4.1: An application of tracking and grasping a mobile object in a dynamic obstacle
environment with the experimental Anthropomorphic Robotic System - ARoS
The control of anthropomorphic robotic arms faces more challenges in dynamic ob-
stacle environments. While the end effector moves with a desired velocity, the challenge
is keeping the links of robotic arms free from collisions with mobile obstacles. Moreover,
sudden appearance or disappearance of obstacles in the workspace may result in unde-
sired reactions of the robotic arm if the adopted control strategy is not prepared for these
situations.
This chapter contributes with a solution that enables the control of a 7-DOF anthro-
pomorphic robotic arm in such dynamic environments (e.g. Figure 4.1), using a differ-
ential kinematics approach. The 7-DOF anthropomorphic manipulator is a Light Weight
Arm 7DOF from AMTEC Robotics/SchunkTM , which is equipped on the robot ARoS
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(Section 2.1) and studied in the previous Chapter 3.
4.2 Related Work
In kinematics approaches that allow the end effector to move from point to point, the
position and orientation of the end effector must be specified to solve the inverse kine-
matics problems for joint values. For redundancy resolution, another parameter needs
to be introduced to select a suitable configuration of the arm among infinite number of
solutions, for instance, the Swivel angle (or Arm plane angle) for changing the position
of the elbow ([Tarokh & Kim, 2007, Tolani et al., 2000]). The desired position of joints
can also be obtained with an analytical solution, taking account of joint limits ([Shimizu
et al., 2008]). The trajectories can be generated and optimized through motion planning
([Costa e Silva et al., 2011]). This approach allows robotic arms to avoid obstacles in the
workspace and also ensures the values of joints are within their limits, thus achieving
higher safety during movements. However, in dynamic environments with mobile tar-
gets and mobile obstacles, recalculating trajectories makes motion planing approaches
become inadequate because of the high computational burden and also lack of flexibility.
Redundant robotic arms can be controlled by using a dynamical system approach
([Iossifidis & Schoner, 2009]). Changing the Arm plane angle enables the obstacle avoid-
ance from the shoulder to the wrist. By imposing the hand aligned with the tangent to the
end effector path, the obstacle avoidance from the wrist to the end effector is achieved.
The joint limits are avoided locally by changing the value of the Arm plane angle, which
may lead to infeasible solution when the end effector tries to avoid obstacles.
The velocity of the end effector can be controlled directly by using differential kine-
matics. The solution from pseudo-inverse Jacobian method minimizes the norm of joint
velocities for achieving a desired velocity of the end effector ([Siciliano & Khatib, 2008]).
Moreover, this approach will give more flexibility in controlling the velocity of the end
effector since it allows to control only velocity components which are required for the
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task. For instance, moving the center of the hand along a curve requires three linear ve-
locity components to be constrained while three angular velocity components can be left
floating. The pseudo-inverse Jacobian matrix which transforms an end effector velocity
vector to a joint velocity vector, enables the control of robotic arms in 6D task-space. For
tasks requiring less degrees of freedom, a modified Jacobian, formed by removing the
respective rows associated with the uncontrolled velocity components from the Jacobian
matrix before the calculation of the pseudo-inverse Jacobian matrix, will be used instead.
Thus, robotic arms will have more flexibility to ensure the safety during movements such
as avoiding joint limits and obstacles.
In differential kinematics, redundancy can be resolved by specifying both velocities
of the hand and the changing rate of the Arm plane angle, then constructing the aug-
mented Jacobian for mapping these velocities into joint velocities ([Seraji et al., 1993]). The
limitation of this approach is that only the elbow is kept away from obstacles by increas-
ing the Arm plane angle. The artificial potential field approach, where virtual forces from
obstacles are transformed into torques by the statics relation ([Khatib, 1986]), can achieve
the obstacle avoidance behavior but this method has computational burdens. Another
approach is by using a performance criterion for maximizing the minimum distance from
the obstacle to links ([Liu et al., 2008]), but this method is limited to some pre-defined
models including spheres and column obstacles. Obstacles can be avoided by determin-
ing control points in the robotic arm and their velocities in order to move them away from
obstacles, using the Jacobian transpose method. But this method is only suitable for ap-
plications that do not require accurate movements of the end effector ([Lee & Buss, 2007]).
Joint limits avoidance can be implemented, for instance, by using the pseudo-inverse Ja-
cobian and a criterion function that characterizes the distance of the current joint values to
the middle of the joint limits range ([Wang et al., 2010]) but the method has not addressed
the joint velocity limits problem.
Therefore, the objective of this chapter is to flexibly control the velocity of the end ef-
fector by using a differential kinematics approach, while ensuring the safety of the robotic
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arm from exceeding the joints’ physical limits in terms of position, velocity and also accel-
eration. A real-time obstacle avoidance strategy for controlling a 7-DOF anthropomorphic
robotic arm in dynamic environments, taking account of sudden appearances or disap-
pearances of mobile obstacles, is also developed.
4.3 Velocity control of a 7-DOF anthropomorphic robotic
arm
To control the robotic arm, the velocity of joints q˙ needs to be calculated from the velocity
of the end effector VE which involves the inverse differential kinematics problem. The
solution, given by the first term in Eq.3.53, is a direct mapping from a desired velocity VE
of the end effector to a joints velocity vector q˙ with minimum norm. The second term is a
nullspace velocity that can be added to the joints velocity vector q˙ without changing the
end effector velocity. This term is useful to exploit the dexterity of the arm for other tasks
while the end effector is still kept moving with a desired velocity. The total joints velocity
for moving the end effector with a desired velocity, VE , while keeping joints from their
physical limits and singularities is:
q˙ = q˙need + q˙jlim + q˙sing, (4.1)
where q˙need is the first term in Eq 3.53, q˙jlim and q˙sing are nullspace joint velocity vectors
for avoiding joint limits and singularities, respectively.
q˙jlim = αjlim · 0J7,null ∇ξjlim,mod, (4.2)
q˙sing = αsing · 0J7,null ∇µ. (4.3)
where 0J7,null is the nullspace matrix, defined in Eq 3.54.
By using the gradient projection method (see, e.g. [Dombre & Khalil, 2007], [Liu
et al., 2010]), in order to avoid the physical position limits of joints, the distance of the
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current joint values to the middle of the joints’ limit ranges is chosen as a criterion function
that needs to be minimized:
ξjlim =
1
2
7∑
i=0
(
θi − θi,mid
θi,max − θi,min
)2
, (4.4)
where θi,min, θi,max and θi,mid are the minimum, maximum and middle value of the ith joint
range. The gradient of the criterion function ∇ξjlim =
[
∂ξjlim
∂θ1
· · · ∂ξjlim
∂θ7
]T
is computed
from the following equation:
∂ξjlim
∂θi
=
θi − θi,mid
θi,max − θi,min , (4.5)
For better performance in the joint limits avoidance, the modified gradient of the
criterion function is proposed.
∂ξjlim,mod
∂θi
=
∂ξjlim
∂θi
(
1 + exp
(
∂ξjlim
∂θi
−Kj1
Kj2
))
. (4.6)
The value of the modified coefficient is almost equal to 1 when the criterion gradient
is small. However, when the criterion gradient becomes high, i.e. the joint is near its
Figure 4.2: The modified coefficient for gradients of the joint limits criterion function (see
Eq 4.6 with Kj1 = 0.4, Kj2 = 0.05)
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physical position limits, the modified gradient is amplified so that more effort is spent for
ensuring the joint staying in its ranges (Figure 4.2). The coefficient Kj1 is used to control
the threshold when the modified gradient begins to increase quickly and Kj2 is used to
control the increasing rate.
Figure 4.3: Ensuring the nullspace joint velocities from exceeding their limits (see Eq 4.7
with Kj3 = 0.3, Kj4 = 0.2)
The coefficient αjlim (Eq 4.2) is chosen negative to minimize the criterion function
and acts like a scaling coefficient to ensure that joints do not exceed their physical velocity
limits:
αjlim = −Kj3(1− exp (−Mjlim/Kj4)
Mjlim + 
, (4.7)
where Mjlim is the maximum value of the nullspace joint velocities
Mjlim = max(
0J7,null ∇ξjlim,mod). (4.8)
and the coefficient Kj3 relates to the maximum allowed nullspace velocity (Figure 4.3).
For instance, Kj3 can be the minimum of the joints’ maximum allowed velocities. The
coefficient Kj4 is used to control the increasing rate of αjlim and  is a small positive value
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to overcome the situation when Mjlim = 0. The problem of joint physical acceleration
limits which occurs when obstacles appear or disappear suddenly, is solved in Section
4.4.
The singularities avoidance behavior can be implemented by using the manipulabil-
ity measure that characterizes the distance from singularities ([Siciliano & Khatib, 2008]).
µ =
√
det(0J7 0J7
T ), (4.9)
The gradient of the manipulability measure ∇µ =
[
∂µ
∂θ1
· · · ∂µ
∂θ7
]T
is computed by the
finite difference numerical method.
∂µ
∂θi
=
µ(θi + ∆θi)− µ(θi)
∆θi
. (4.10)
The coefficient αsing (Eq 4.3) is chosen positive to maximize the manipulability measure,
i.e. the distance to singularities. The same strategy as in joint limits avoidance is used to
ensure the nullspace joint velocities from exceeding their limits.
αsing =
Ks1 (1− exp (−Msing/Ks2))
Msing + 
, (4.11)
where Msing is the maximum value of the nullspace joints velocities
Msing = max(
0J7,null ∇µ). (4.12)
and the coefficient Ks1 relates to the maximum allowed nullspace velocity and the coeffi-
cient Ks2 is used to control the increasing rate of αsing and  is a small value to overcome
the situation when Msing = 0.
Figure 4.4 depicts a scenario showing how the redundant robotic arm benefits from
both of the joint limits and singularities avoidance behaviors in a task requiring six de-
grees of freedom. The initial joint configuration is q = [00,−100, 1000,−900,−600, 1200, 400]T
and the hand of the robot needs to move in the negative direction of the x0 axis of the
base reference frame {0} at the velocity 20 mm/s while maintaining the position in y0, z0
axis and also its orientation (Figure 4.4-C). Without any behavior implemented, the arm
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Figure 4.4: The scenario shows the effectiveness of the joint limits and singularities avoid-
ance behaviors: Without any behaviors, the arm crosses the singularity {θ2 = 0∧θ3 = 900}
with spikes in joint velocities (A,B). By using the singularities avoidance behavior, the ma-
nipulator passes the singularity successfully but Joint 5, θ5, exceeds its lower limit (D,E,F).
The robotic arm overcomes the singularity successfully and also keeps its joints in their
limits by integrating the two behaviors (G,H,I).
crosses the singularity {θ2 = 0∧ θ3 = 900} during the task and the spikes in joint velocities
occur (Figure 4.4-A,B). By using the singularities avoidance behavior (Figure 4.4-D,E,F),
the robotic arm passes the singularity successfully but Joint 5, θ5, exceeds its lower limit
(−1650). With the integration of the two behaviors, the robotic arm overcomes the singu-
larity successfully and also keeps its joints in their limits (Figure 4.4-G,H,I).
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4.4 Real-time obstacle avoidance
The proposed obstacle avoidance strategy is depicted in Fig.4.5. The mobile segments
of the anthropomorphic robotic arm, i.e. the Shoulder-Elbow, the Elbow-Wrist and the
Wrist-Hand should be kept away from collisions with obstacles. To improve the obstacle
avoidance performance, especially when the robotic arm needs to avoid a surface or a
plane, the Elbow and the Wrist are also taken into account. The Shoulder is fixed to
the trunk and the Hand moves with a desired velocity VE , defined by the task that the
manipulator is performing. Thus they are excluded from the obstacle avoidance behavior.
Figure 4.5: The anthropomorphic robotic arm and obstacles
Therefore, the nullspace joint velocity vector q˙obs for obstacle avoidance, which can
be added to the total joints velocity (Eq 4.1) without changing the desired velocity of the
end effector, is computed from:
q˙obs = q˙obs,SE + q˙obs,EW + q˙obs,WH + q˙obs,E + q˙obs,W , (4.13)
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Each individual component is calculated from the general expression:
q˙obs,k = αobs,k · 0J7,null · ∇ξk. (4.14)
where k is a notation of SE, EW, WH, E, W segments, and the matrix 0J7,null is given by
Eq 3.54. The coefficients αobs,k act like scaling coefficients to ensure that all joints do not
exceed their physical velocity limits. The values of the coefficients αobs,k are determined
in the same approach as in Eq 4.7.
From the fact that obstacles may have different sizes and shapes, modeling obstacles
is limited to some well-defined models, such as spheres and columns obstacles ([Liu et
al., 2008]) or line obstacles ([Lee & Buss, 2007]), and calculating the minimum distance
from obstacles requires extra computational resources. By choosing some points near the
boundary of obstacles and specifying an "effective radius" to cover each part of obstacles,
the proposed method can deal with many obstacles with higher computational efficiency.
The individual performance criteria ξk that characterize distances from obstacles to
the segment k of the robotic arm, are chosen as:
ξk =
N∑
j=1
ξk,j, (4.15)
where
ξk,j =
1
Koff + dj,k −Rj . (4.16)
with dj,k is the distance from the center of the jth obstacle to the kth arm segment, Rj is
the effective radius of the obstacle, and the constant coefficient Koff is used to stabilize
the performance criterion, acting as a safe distance when the robotic arm approaches
obstacles. The reciprocals of distances are chosen as performance criteria for the purpose
of gradients from obstacle distance criteria increase faster when the robotic arm gets closer
to them. The coefficients αobs,k (Eq 4.14) are chosen negative to minimize the performance
criteria, i.e. the reciprocals of distances from obstacles.
Let us consider the scenario depicted in Figure 4.6, where the distance from the
obstacle j to the Shoulder-Elbow segment needs to be computed. The area of the triangle
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Figure 4.6: The distance from the obstacle j to the segment SE
OjSE is computed from:
SOjSE =
∥∥∥ →SOj∥∥∥ · ∥∥∥ →SE∥∥∥ · sin(ÔjSE)
2
, (4.17)
and the cosine theorem gives:
→
SOj ·
→
SE=
∥∥∥ →SOj∥∥∥ · ∥∥∥ →SE∥∥∥ · cos(ÔjSE), (4.18)
Thus, the distance from the obstacle j to the segment Shoulder-Elbow can be computed
by:
d2j,SE =
4S2OjSE∥∥∥ →SE∥∥∥ =
∥∥∥ →SOj∥∥∥2 − ( →SOj · →SE)2
D23
, (4.19)
or written in matrix form:
d2j,SE = (Oj − S)T (Oj − S)−
((Oj − S)T (E − S))2
D23
. (4.20)
Similarly, the distances from the obstacle j to other segments are:
d2j,EW = ‖Oj − E‖2 −
((Oj − E)T (W − E))2
D25
. (4.21)
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d2j,WH = ‖Oj −H‖2 −
((Oj −H)T (W −H))2
D27
. (4.22)
d2j,E = (Oj − E)T (Oj − E). (4.23)
d2j,W = (Oj −W )T (Oj −W ). (4.24)
where Oj is the coordinate of the obstacle j and S, E, W, H are the coordinates of the
Shoulder, Elbow, Wrist and Hand, extracted from the transformation matrices 0T1, 0T3,
0T5, 0T7 respectively (Eq.3.51).
In order to calculate the gradient of individual performance criteria ξk (Eq 4.15), the
gradient of the performance criterion ξk,j is computed by:
∇ξk,j = −∇dj,k
(Koff + dj,k −Rj)2 =
−∇(d2j,k)
2 dj,k(Koff + dj,k −Rj)2 , (4.25)
where the squared distance from the jth obstacle to the kth segment of the robotic arm (Eq
4.20, 4.21, 4.22, 4.23 and 4.24) has its gradient∇(d2j,k) =
[
∂(d2j,k)
∂θ1
· · · ∂(d
2
j,k)
∂θ7
]
given by the
following equations.
For the Shoulder-Elbow segment,
∇(d2j,SE) = −
2(Oj − S)T (E − S)
L23
(
(Oj − S)T∇E
)
, (4.26)
For the Elbow-Wrist segment,
∇(d2j,EW ) = −2(Oj − E)T ∇E
− 2(Oj − E)
T (W − E)
L25
(
(Oj − E)T (∇W −∇E)− (W − E)T∇E
)
, (4.27)
For the Wrist-Hand segment,
∇(d2j,WH) = −
2(Oj −H)T (W −H)
L27
(
(Oj −H)T∇W
)
, (4.28)
For the Elbow,
∇(d2j,E) = −2(Oj − E)T ∇E, (4.29)
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For the Wrist,
∇(d2j,W ) = −2(Oj −W )T ∇W. (4.30)
where Oj is the coordinate of the obstacle j and S, E, W, H are the coordinates of the
Shoulder, the Elbow, the Wrist and the Hand. The gradient of the Elbow coordinates
∇E =
[
∂E
∂θ1
· · · ∂E
∂θ7
]
are calculated by the finite difference numerical method.
∂E
∂θi
=
E(θi + ∆θi)− E(θi)
∆θi
. (4.31)
The gradient of the Wrist is also computed in the same way. Because the Shoulder is
fixed in the base reference frame and the Hand is constrained by the performing task,
the gradients of their coordinates are equal to zero and do not appear in the gradients of
performance criteria.
A coefficient is used to modify the gradients of performance criteria (Eq 4.25), taking
account of the range that the robotic arm begins to avoid obstacles:
∇ξk,j,mod = ∇ξk,j Kr1/
(
1 + exp
(
Koff + dj,k −Rj
Kr2
))
. (4.32)
where Rj is the effective radius of the ith obstacle and Koff is an offset, acting like a
safe distance. The coefficient Kr1 is used to control the maximum value of the modified
gradient while Kr2 is used to control the transition slope when the obstacle approaches
the kth links of the manipulator (Figure 4.7).
Because only coordinates of the Shoulder, the Elbow, the Wrist and the Hand are
used and most of the terms are repeated in the calculations of performance criteria gradi-
ents, the proposed method allows to generate quickly the individual obstacle avoidance
criteria ξk, from an array of obstacles coordinates, making the method suitable for real-
time applications.
In real-time obstacle avoidance applications, the sudden appearance or disappear-
ance of obstacles produces spikes in the joint velocity values, which may stop the robotic
arm because of the limitations in the maximum acceleration of joints. Moreover, the coor-
dinate values of objects, acquired from the vision system, always contain noises because
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Figure 4.7: Modification of the distance criteria gradients for taking account of the range
that the robotic arm begins to avoid obstacles (Eq 4.32 with Kr1 = 2, Koff = 70, Rj = 10
and Kr2 = 6).
of the imperfection of vision systems. This problem makes the robotic arm to vibrate in
the presence of obstacles. These problems are demonstrated in the following simulation
scenario (Figure 4.8). The robotic arm needs to draw an ellipse on a horizontal plane,
i.e. parallel to the XY plane of the base reference frame. The ellipse has the dimension of
300mm along the Y axis and 200mm along the X axis. The initial position of the end ef-
fector was (500,-400,-400)mm with respect to the base reference frame. A velocity profile
has been defined by differentiating the equation of the ellipse and the end effector would
track an imaginary object moving with that velocity profile. In this task, only three linear
velocities of the end effector need to be controlled:
VE = [40 cos(0.2t− pi/2) − 60 sin(0.2t− pi/2) 0]T . (4.33)
The time for accomplishing the task is 31.14s. An obstacle appears at the coordinates
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Figure 4.8: The simulation scenario which the robotic arm needs to track an ellipse while
avoiding an obstacle that appears at t=10s and vanishes at t=20s: A) t=10s B) t=15s C)
t=20s D) Joint velocities without a dynamic filter E) Joint velocities when a dynamic low-
pass filter is used
of (300,-800,-100) mm at t=10s and disappears at t=20s. The imperfection of the vision
system is simulated by a random noise in obstacle coordinates with maximum value of
20mm. Figure 4.8D illustrates the effect of the sudden appearance, disappearance of ob-
stacles and the imperfection of the vision system on the joint velocities of the robotic arm.
The proposed control strategy for these problems is to smooth the gradients of
performance criteria before converting them to a nullspace joints velocity because the
nullspace velocities can not be smoothed directly unless the velocity of the end effector
changes. The smoothing can be done by using a low-pass filter. However, using a filter
will slow down the response of the robotic arm continuously and this problem may lead
to a failure in obstacle avoidance. Therefore, the proposed approach is to use a dynamic
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filter on the gradients of the individual obstacle avoidance criteria (Eq 4.15 and 4.25)
∇ξk,fil(t) = βf∇ξk(t) + (1− βf )∇ξk,fil(t−∆t), (4.34)
where the filtering coefficient βf is computed from:
βf =
∆t
∆t+Kf
, (4.35)
This low-pass filter with the cutoff frequency f = 1/(2piKf ) becomes dynamic when the
value of the coefficient Kf can adapt to the gradient of the performance criteria:
Kf = Kf1 (1− exp (−Mf/Kf2)) , (4.36)
where Mf is the maximum difference between the old gradient and the current gradient:
Mf = max(|∇ξk(t)−∇ξk,fil(t−∆t)|). (4.37)
The coefficient Kf1 controls the maximum value of Kf and Kf2 adjusts the effect of Mf
on Kf . When the gradient variation of the performance criteria increases, the cutoff
frequency will decrease because of the rising of Kf . Thus, the filtering effect becomes
stronger when an obstacle appears or vanishes suddenly. Figure 4.8-E shows the effi-
ciency of the method when facing the problem of sudden appearance, disappearance of
obstacles and the imperfection of the vision system.
4.5 Experiments
This section presents experiments with the real robotic platform, performing tasks in dy-
namic environments. The control of the 7-DOF anthropomorphic robotic arm is chal-
lenged in two tasks. Figure 4.9 depicts the first task which requires the robotic arm to
track a mobile target (the green object), grasp, and drop it in a target location (the red
box) while avoiding obstacles (magenta objects) that may eventually appear and disap-
pear in the workspace. The information about the object coordinates is given in real-time
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Figure 4.9: Tracking and grasping a mobile object in a dynamic obstacle environment.
A)Tracking a mobile target. B)Avoid an obstacle that appears suddenly. C,D)Flexible
movement with joints physical limits avoidance. E)Multiple mobile obstacles avoidance.
F)Grasping and dropping the object in the target location (Video 1).
by the vision system. After avoiding an obstacle that appears suddenly in the workspace
(Fig.4.9B), the robotic arm recovers (Fig.4.9C,D) as a contribution of the joints physical
limit avoidance behavior. The arm is capable of keeping its links free from collision with
multiple mobile obstacles appearing in the workspace (Fig.4.9E). Then the robot grasps
the green object. Because its fingers are equipped with torque sensors, this provides feed-
back whether the object has been grasped or not. Finally, the robot rotates its head to-
wards the target area and drops the object in the red box.
Figure 4.10 depicts the second task, which consists of drawing an ellipse on a pa-
per sheet in a dynamic obstacle environment, by tracking an imaginary object, moving
with a velocity profile which is defined by differentiating the equation of the ellipse. In
Fig.4.10A, the ellipse is drawn without the presence of obstacles (magenta objects). With
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the same paper, the robotic arm draws almost the same ellipse under sudden appearances
and disappearances of obstacles in the workspace (Fig.4.10B,C).
Figure 4.10: Drawing an ellipse on a paper sheet by controlling the velocity of the end
effector with real-time obstacle avoidance. A)When no obstacle present in the workspace.
B,C)The robotic arm keeps drawing the same ellipse while avoiding the obstacle that ap-
pears in the workspace (Video 2).
4.6 Conclusion
This chapter has contributed a method of controlling a 7-DOF anthropomorphic robotic
arm for velocity-constrained tasks in dynamic target and obstacle environments, using a
differential kinematics approach. The developed method deals not only with the sudden
appearance and disappearance of mobile obstacles but also the noise that results from the
vision system’s imperfection, while keeping the robotic arm safe from the joints physical
limits, in terms of position, velocity and acceleration. Two experiments were performed
which consisted of: i) drawing an ellipse on a sheet of paper and ii) tracking and grasping
a mobile object in dynamic obstacle environments. These experiments show the efficiency
of the developed control method in such challenging applications.
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Chapter 5
Forces and torques compensations for the
end effector orientation
5.1 Introduction
In physical Human Robot Interaction scenarios, a reliable force, torque feedback, which
increases significantly the task performance, is highly desired. Differences in forces,
torques that act on sensors, can be measured with high accuracy because of sensor cali-
brations. However, from the fact that every component in sensors has its own weight and
sensors are not perfectly symmetric, most of force sensors are subjected to errors when
its orientation in 3D-space changes even without any forces acting on it. When an end
effector is mounted on a force sensor, the weight of the end effector and its asymmetric
distribution contributes more errors when the orientation of the end effector changes dur-
ing tasks. Errors from an end effector can be compensated by modelling it as a mass and
determining its 3D coordinates in the force sensor reference frame, but errors from a force
sensor are difficult to compensate because they depend on the internal structure of the
sensor. For instance, force and torque measurements in a FCT50 sensor from SchunkTM
are based on the displacement of two parallel discs. Spring elements connect the plates,
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and forces and moments are calculated from the displacements using a rigidity matrix.
The weight of the movable disc contributes to reading errors when the orientation of the
end effector changes.
Therefore, this chapter presents a method to remove the effect of force sensors’ ori-
entation on the force and torque readings, independent of the structure of force sensors.
The method also allows to compensate the errors from end effectors without modelling
them.
5.2 Forces and torques compensations
Figure 5.1: Roll, pitch angles, α and β respectively, are used as parameters for compensat-
ing the end effector orientation effect on force and torque readings
Let us consider an arbitrary force sensor with an end effector that has already been
mounted on it. From the mechanical point of view, forces and torques, acting on force
sensors, are functions of the roll angle α and pitch angle β as illustrated in Figure 5.1. The
change in yaw angles γ only affects the force, torque distribution on the reference frame,
53
5. FORCES AND TORQUES COMPENSATIONS
it does not contribute to the sensing errors when the end effector moves in 3D space.
In this thesis, the biquadratic spline interpolation is proposed to approximate force,
torque errors as functions of the roll angle α and the pitch angle β. The force vector in 3D
space has 6 components, including Fx, Fy, Fz, Tx, Ty and Tz. The jth force error component,
which is represented in the reference frame {xF ,yF ,zF }, is approximated by:
FFc,j(α, β) =
4∑
i=0
4∑
k=0
aik · αi · βk (5.1)
or in matrix form:
FFc,j(α, β) = [α0β0 ... αiβk ... α4β4 ] · A (5.2)
where α = [−pi; pi] ; β = [−pi
2
; pi
2
] and A is the vector of coefficients
A = [ a00 · · · aik · · · a44 ]T (5.3)
which is calculated by matching values of the interpolation function FFc,j at some specific
values of α and β:
A =

α01β
0
1 · · · α41β41
... . . .
...
α05β
0
5 · · · α45β45

−1 
FFc,j(α1, β1)
...
FFc,j(α5, β5)
 (5.4)
The value of the roll and pitch angles, used in force, torque sampling must not be
symmetric so that the square matrix in Eq 5.4 is invertible.
Forces and torques errors are represented in the base reference frame by:

0Fc,x
0Fc,y
0Fc,z
0Tc,x
0Tc,y
0Tc,z

=

cos(γ) −sin(γ) 0 0 0 0
sin(γ) cos(γ) 0 0 0 0
0 0 1 0 0 0
0 0 0 cos(γ) −sin(γ) 0
0 0 0 sin(γ) cos(γ) 0
0 0 0 0 0 1

·

FFc,x
FFc,y
FFc,z
FTc,x
FTc,y
FTc,z

(5.5)
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Given a specific value for the set of angles {α,β,γ}, force and torque readings from a sen-
sor will be converted to the base reference frame {0} and then be subtracted with the
force/moment errors 0Fc (Eq 5.5) to remove the effect of the end effector orientation.
Figure 5.2: The value of the interpolation function compensating the z axis force compo-
nent by sampling force, torque readings of a FCT50 sensor at α = −pi;−1.2; 0; 1;pi and
β = −pi/2;−pi/6; 0;pi/4;pi/2
Figure 5.2 presents the value of a z-axis force compensation function FFc,z for a
FCT50 sensor as an example to give an insight about how much the orientation of the end
effector affects reading errors. By Eq 5.5, this force component is also the same as in the
base reference frame {0}. Therefore, with a perfect sensor, the value of this component
is a constant, representing the weight of the end effector. However, when the pitch an-
gle is constant and the roll angle α changes, the force varies about 1-2 N because of the
asymmetry of the sensor and the end effector. When the pitch angle β changes from −pi
2
to pi
2
, i.e. the end effector orientation changes from a point-down to a point-up position,
the force changes about 10 N, which is quite large to be ignored. This error, as previously
explained, comes from the sensor itself because of the weight of the moving plate inside
the sensor which can be approximated by 0.5 kg.
The compensation method provides a more reliable force/torque feedback which is
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very useful in force control applications. For instance, in tasks requiring the end effector
to keep in contact with a very fragile surface, changes in force reading due to variations
in the end effector orientation occurring during tasks may be enough to destroy the object
or lose physical contact.
Figure 5.3: Drawing an ellipse upon the fragile surface of a stretched and floating pa-
per sheet with the compensation of the end effector orientation in the force and torque
readings (Video 3).
Figure 5.3-A depicts a task that an ellipse needs to be drawn upon the delicate sur-
face of a stretched and floating paper sheet. Two ends of the A1 paper sheet are taped
to two supports so that the paper can float in space. In this task, the velocities in the x
and y axis and the force in the z axis of the base reference frame {0} need to be controlled
so that the paper sheet is not penetrated during the drawing. Because of the fragility of
the stretched paper, before starting the task, the end effector is lowered so that the brush
only touches slightly the paper surface with a contact force in z axis with the intensity of
2 N. During the drawing task, the force z will be controlled to be equal to this value. The
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magenta obstacle is used to interfere with the robotic arm so that large changes in the ori-
entation of the end effector happen during the task and the performance of the developed
method can be evaluated.
When there is no obstacle appearing in the workspace, the task finishes success-
fully either in the case of using the end effector orientation compensating method (Figure
5.3-A,B) or without the compensation (Figure 5.4-A,B). Large changes in the end effec-
tor orientation occurs when the robotic arm tries to avoid the magenta obstacle which
appears in the workspace. In case of using the compensation method, the task is still
accomplished successfully without destroying or losing contact with the paper (Figure
5.4-C,D,E,F). Repeat the experiment but without using the compensation of the end effec-
Figure 5.4: Drawing a ellipse upon the fragile surface of a stretched and floating paper
sheet without the compensation for variations in the end effector orientation (Video 3).
tor orientation (Figure 5.4). The brush loses its contact with the paper surface when the
end effector orientation varies too much due to the obstacle avoidance (Figure 5.4-F).
Let us consider the z-axis contact force, shown in Figure 5.5, during the drawing
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task with the compensation method. Figure 5.5-A depicts the contact force, which is con-
trolled during the task, after using the compensation method for eliminating the effect
from the variation of the end effector orientation. Figure 5.5-B shows the contact force
reading, before applying the compensation method, which does not represent correctly
the contact force and its changes. The graph shows that with such variation of the end
effector orientation, the z axis force increases more than 2 N. Because the error due to
the variation of the end effector orientation is greater than the contact force that needs to
be controlled, the end effector is lifted up when the compensation method is not being
used. Without the compensating method, controlling small forces and torques becomes
impossible in applications where the error, due to changes of the end effector orientation,
is greater than the forces and torques requiring to be controlled.
Figure 5.5: The force in z axis during the drawing task with the compensation method. A)
The force after applying the compensation method. B) The force before compensating the
effect of the end effector orientation, does not represent correctly the contact force and its
changes.
Figure 5.6 illustrates the use of the developed method in applications that require
high sensitivity in force sensing. By using the forces and torques compensating method,
the anthropomorphic robot ARoS uses its three fingers hand to grasps a plate, and re-
sponds sensitively to physical interactions from a human (Figure 5.6), proving that the
method allows to achieve high efficiency in force control applications.
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Figure 5.6: The robot ARoS reacts sensitively to forces, torques interations from a human
(Video 4).
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Chapter 6
Virtual Elastic System: A solution to
control anthropomorphic mobile
manipulators for physical Human-Robot
Interactions in dynamic environments
6.1 Introduction
Recent research has been focused on Human-Robot Interaction, especially physical Human-
Robot Interaction (pHRI) ([Santis et al., 2007]). For life quality improvements, robots are
supposed to expand human capabilities, e.g. force, speed and precision while humans
bring experience, knowledge and understanding to accomplish tasks. Not only new robot
designs have been developed to provide more safety, dependability and compliance (see,
e.g. [Zinn et al., 2004], [Wyrobek et al., 2008] and [Quigley et al., 2011]) but control meth-
ods, which enable robots to perform pHRI tasks, have been also studied actively (see, e.g.
[Buerger & Hogan, 2007], [Calinon et al., 2010] and [Flacco & Luca, 2011]).
Redundant 7-DOF anthropomorphic robotic arms, whose structure imitates human
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arms with three DOF on the shoulder, one DOF on the elbow and three DOF on the
wrist, possess more dexterity to perform complex movements and are more promising
in tasks involving physical contacts with humans. By mounting these robotic arms on
mobile platforms, the capability of robotic systems is increased further with the exten-
tion of workspaces. When performing pHRI tasks in dynamic environments, the robotic
arm must react according to forces and torques applied by the human while the mobile
platform keeps it away from the workspace boundary, and the whole system must be
free from collision with static and dynamic obstacles. In many conventional mobile ma-
Figure 6.1: Dumbo, an anthropomorphic mobile manipulator, is performing a cooperative
object transportation task
nipulators, a robotic arm is mounted on the top of a mobile platform and it has a joint
whose rotary axis is aligned with the pure rotary axis of the mobile platform. Thus, the
mobile platform can rotate without changing the pose of the manipulator even when the
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end effector is being kept still. In anthropomorphic mobile manipulators, 7-DOF robotic
arms can be side-mounted on mobile platforms to provide friendly human interactions.
However, these types of mobile manipulators possess more geometric and kinematric
constraints because rotational movements of the mobile platform change strongly the
manipulator configuration and may lead to a collision between the arm and the body.
In the case of using a nonholonomic mobile platform, its limited movements make con-
trol strategies face even more challenges in ensuring that the mobile platform supports
the robotic arm properly, while still having enough flexibility to navigate through un-
structured and dynamic environments. The control methods, e.g. [Janiak & Tchon, 2010]
and [Luca et al., 2010], which involve the calculation of an extended Jacobian matrix for
unifying the control of mobile platforms and manipulators, become inadequate because
local optimisations, based on the nullspace of the associated Jacobian, can not garantee
that all constraints between manipulators and mobile platform are satisfied. Free obsta-
cles navigation for both the manipulator and the mobile platform simultaneously is also
a challenging issue.
Moreover, in pHRI scenarios, robotic systems must respect some safety require-
ments because they and human partners share the same workspaces to perform coop-
erative tasks. As a specific task, we consider here Human-Robot Joint Transportation
tasks, and we impose the following contraints:
1. The robot must carry a bulky load with a human partner while avoiding collisions
with obstacles either static or dynamic (e.g. people) that may appear in its vicinity.
2. For safety, the robot must strictly respect physical interactions from the human,
i.e. the robot is not supposed to move or rotate the object without forces/torques
exerted by the human.
3. The whole robot, i.e the manipulator and mobile platform must protect itseft from
collision with obstacles. In the case that human movements lead the robot to a
dangerous situation, which it can not overcome itself, the robot must be capable to
instruct the human partner to move in a more favorable direction so that the object
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transportation task can proceed successfully.
The objective of this chapter is to develope a novel method which enables control-
ling of anthropomorphic mobile manipulators for pHRI tasks in dynamic environments.
By proposing a Virtual Elastic System for linking a 7-DOF anthropomorphic robotic arm
with a nonholomic mobile platform, a powerful control strategy is achieved through an
integration of different control methods for each system. More specifically, movements
of the end effector, which are coordinated through contact forces and torques exerted by
the human, are controlled by using Inverse Differential Kinematics (see, e.g. [Wang et al.,
2010], [Papadopoulos & Poulakakis, 2000]) while the mobile platform is kept away from
obstacles with Dynamical Systems (see, e.g. [Bicho et al., 2000], [Soares et al., 2007]). Ex-
periments in Human-Robot Interaction scenarios have proved the developed method to
be a powerful control approach for mobile manipulators in tasks which involve physical
contacts with human and also requiring free obstacle motions for the whole system. Ex-
tensions of the Virtual Elastic System for holonomic mobile platforms or higher degrees
of freedom manipulators are presented through simulations to give insights about how
to apply the Virtual Elastic System for other types of mobile manipulators.
6.2 Related Work
In ([Ellekilde & Christensen, 2009]), a mobile manipulator is controlled by using a Dynam-
ical System approach to achieve obstacle avoidance for both the mobile platform and the
robotic arm. A competitive dynamics is used to fuse behaviors of the two systems, where
the manipulator is retracted and the mobile heads to the target when it is not within the
reaching range of the manipulator. When the target is in the workspace, the mobile plat-
form stops and the manipulator moves to the target. Thus, the method is suitable to move
the end effector from place-to-place without taking account of its trajectory constraints,
for instances, to maintain physical contacts in interaction with human. The nonlinear Dy-
namical Systems approach is also used in ([Bicho et al., 2003]) for controlling a mobile
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robot to transport a large size object in cooperation with a human partner. The mobile
platform maintains a predefined formation with human by using feedback from a free ro-
tational joint coupled to a free prismatic joint which support the object. However, without
a proper manipulator, interactions involving contacts with human are limited.
In ([Bayle et al., 2003]), a planar 2-DOF manipulator, mounted on top of a non-
holonomic car-liked platform is controlled by using an Inverse Differentpial Kinematics
approach. The method calculates Jacobian matrices and the manipulability of mobile
manipulators and controls the end effector velocity. However, the problem of obstacle
avoidance has not been addressed. In ([Tchon & Jakubiak, 2002]), an Inverse Differential
Kinematics approach is also used to control car-liked mobile platform with a top mounted
manipulator. The Extended Jacobian Inverse Kinematics algorithms allows to unify the
control of manipulators with mobile platforms. The method has been extended for con-
strained movements, more specifically, the turn angle of the front wheels is restricted
([Janiak & Tchon, 2010])but the obstacle avoidance problem has not been considered. The
method in ([Luca et al., 2006]) of controlling a plannar mobile platform with a 2R manipu-
lator is also based on Inverse Differential Kinematics with the Projected Gradient and the
Reduced Gradient optimization-based methods for redundacy resolution. The nullspace
optimisation has been added to the method in ([Luca et al., 2010]), taking account of ve-
locity inputs of steering wheels which contributes to task execution. Although Inverse
Differential Kinematics approaches can be used to control directly velocity of the end ef-
fector and implement additional behaviours such as joint limits and obstacle avoidance
for manipulators by optimizing respective criterion functions, these local optimisation
can not ensure the success of behaviors for the whole system, especially in the presence
of strong affections from movements of nonholonomic mobile platforms on the configu-
ration of side-mounted manipulators. Therefore, in our approach, an Inverse Differential
Kinematics for controlling the redundant manipulator is combined with a Dynamical Sys-
tem approach for the mobile platform in order to achieve free obstacles movements for
the whole system.
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In (Brock & Khatib [2002]), the Elastic Strip Framework, which allows the integra-
tion of motion planning and task-oriented control, is used to control mobile manipulators
with real-time obstacle avoidance. The method assumes that mobile manipulators move
in an elastic tunnel which will be deformed by repulsive forces computed as a function
of distances from obstacles. However, the problems of nonholonomic mobile platforms
and strong affections from their movements to the configuration of side-mounted robotic
arms, have not been addressed because the method uses a holonomic mobile platform
with 3 actuated wheels and the 6-DOF manipulator is mounted on the top, center of the
mobile platform. In (Vannoy & Xiao [2008]), the Real-Time Adaptive Motion Planning
allows to control mobile manipulators in dynamic environments. A planner is used to
choose the fitest path of knot configurations of mobile platforms and manipulators. The
method has been validated with simulations for dynamic obstacle avoidance including
other mobile manipulators. Nevertheless, the method have focused on the place-to-place
end effectors moving task and 6-DOF manipulators are mounted on the top, center of
holonomic mobile platforms.
In (Takubo et al. [2002]), a 7-DOF manipulator cooperates with a human to transport
a long object for a short distance. The impedance control of the method allows to control
contact forces during tranportation but a mobile platform has not been used. In (Portillo-
Velez et al. [2011]), an optimal admittance force controller has been proposed to allow the
modification of the end effector trajectory to control forces during human interaction. A
3-DOF manipulator is used in experiments to respond to forces from a human palm. In
(Nozaki & Murakami [2009]), a 6-DOF manipulator, mounted on top, center of the mo-
bile platform through a passive rotary joint, is used for cooperative object transportation
tasks. The manipulator is controlled by Inverse Differential Kinematics and the control
of the mobile platform is based on the performance index. The movement control of the
system and the stability of the mobile platform have been validated through simulations
with force inputs from the impedance model. In (Lawitzky et al. [2010]), the problem of
manipulating bulky objects has been addressed and validated in a virtual environment
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with inputs from a force/torque sensor. The method has focused on the effort distribution
between human and robot, which is achieved by Effort sharing policies, derived from the
geometric and dynamic task properties. However, the mobile robot has been assumed to
be a holonomic one and the problem of dynamic environments has not been taken into
account.
6.3 The proposed Virtual Elastic System
Anthropomorphic mobile manipulators, for instance, a 2-wheels mobile platform with
a side-mounted redundant 7-DOF anthropomorphic robotic arm, provide more friendly
human interactions. However, the robotic system possesses more geometric and kine-
matic constraints because of limited movements of the nonholonomic mobile platform
and the strong affection of its movements on the robotic arm configuration. The control
problem becomes more challenging in pHRI scenarios where the end effector needs to
maintain physical contact with a human partner and the whole system needs to avoid
dynamic obstacles.
This section presents a control approach which combines different control strategies
of each system, i.e. the mobile platform and the manipulator, to achieve a powerful con-
trol method for anthropomorphic mobile manipulators (Figure 6.2). The Virtual Elastic
System is proposed to link the two controllers. A Nonlinear Dynamical System approach
is used in the Mobile Platform Controller to generate imaginary forces and torques from
obstacles information, i.e. sensed distances and orientations. These forces are supplied to
the Virtual Elastic System to generate a new state of its virtual tension and torsion springs,
taking account of mass and damping effects. The state transition is commited in the real
world by converting the changes in lengths of the springs into linear and angular veloci-
ties of the mobile platform. In the case that the velocity of the end effector is constrainted
by tasks, for instance, by physical contacts with human, the movement of the end effector
needs to be decoupled from the movement of the mobile platform. Thus, an end effec-
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Figure 6.2: The proposed control approach for anthropomorphic mobile manipulators
uses a Virtual Elastic System which enables the combination of a Dynamical System ap-
proach for the mobile platform and an Inverse Differential Kinematics for the manipulator
tor velocity vector which results from the mobile platform movement, is subtracted from
the desired end effector velocity. The manipulator controller is composed of a force sens-
ing method which allows to capture contact forces and torques and represents them in
the same reference frame of the end effector velocity. These forces are converted into the
desired linear and angular velocity for the end effector and an Inverse Differential Kine-
matics approach is adopted to calculate velocities of joints from the task-space velocity.
The obstacle avoidance behavior for the manipulator is achieved by acquiring obstacles
coordinates through a vision system and applying a nullspace optimisation technique.
The fundamental idea of the Virtual Elastic System (VES) is to consider that the rel-
ative configuration between the manipulator and the mobile platform is maintained by a
set of tension, torsion springs with mass and damping effects. In 7-DOF anthropomorphic
mobile manipulators, the robotic arm can be kept away from its workspace boundary by
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Figure 6.3: Virtual Elastic System is a set of tension and torsion springs with masses and
dampings which connects the mobile platform with the manipulator
maintaining three parameters {ϕ1, L2, ϕ3} (Figure 6.3) which characterize the opening an-
gle of the arm from the body, the arm stretching length and the wrist angle respectively, in
their limit ranges. In case of a nonholonomic 2-wheels mobile platform, two parameters
{ϕ1, L2} can be controlled independently and featured in the the Virtual Elastic System as
a torsion spring and a tension one. The third parameter ϕ3 can not be controlled directly
because the mobile platform only has two degrees of freedom. However, controlling two
parameters {ϕ1, L2} gives a satisfactory performance and in most cases, can make the pa-
rameter ϕ3 to converge to a value in the middle of its range. Moreover, control of the angle
ϕ3 is proved to give a poor performance for nonholonomic mobile manipulators. Instead
of controling this parameter, another solution should be used when ϕ3 approaches its
limits, for instance, the robot uses a speech synthesis to tell the human to support him by
moving toward a more favorable direction. These problems are presented in the Section
6.6 with discussions about extensions of the Virtual Elastic System for holonomic mobile
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platforms or manipulators with higher degrees of freedom.
In the case of anthropomorphic mobile manipulators with a nonholonomic mobile
platform, two parameters {ϕ1, L2} can be controlled independently and governed by the
following equations:
Km1ϕ¨1 +Kv1ϕ˙1 +Ke1(ϕ1 − ϕ1,0) = Kf1M1, (6.1)
Km2L¨2 +Kv2L˙2 +Ke2(L2 − L2,0) = Kf2F2. (6.2)
The coefficients Km1 and Km2 represent the inertial property of the elastic system. More
specifically, Km1 has the dimension of an inertia moment while Km2 has the dimension of
a mass. The damping property is provided by the coefficients Kv1 and Kv2. The elastic
coefficients Ke1 and Ke2 feature the stiffness of the virtual system while ϕ1,0 and L2,0 are
equilibrium values when there is no external force F2 or momentM1, derived from sensed
obstacles in the ground, acting on the system. The coefficients Kf1 and Kf2 are used to
control the effect of external repulsive forces and torques from obstacles. All coefficients
of the Virtual Elastic System can change dynamically, which makes the system robust in
unstructured, dynamic environments.
Let us consider the dynamic equation which governs the angular length ϕ1 of the
torsion spring 1:
ϕ¨1 =
Kf1M1
Km1
− Kv1
Km1
ϕ˙1 − Ke1
Km1
(ϕ1 − ϕ1,0). (6.3)
The block diagram is available in Figure 6.4. This is a second order system with the
damping ratio:
ς1 =
Kv1
2
√
Km1Ke1
. (6.4)
An underdamping system is undesirable because the robot may be damaged by oscilla-
tions. Thus, the elastic system should be a critically damped system for fast responses
without oscillations, which is achieved by setting the damping ratio ς1 equal to 1. The
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Figure 6.4: Block diagram for generating the derivatives of the VES parameter ϕ1
current value of ϕ1 is computed from the configuration of the robotic arm:
ϕ1 = arccos
( →
SB ·
→
SE
LSB LSE
)
(6.5)
=

arccos
(
yE + LSB
LSE
)
if xE > 0
2pi − arccos
(
yE + LSB
LSE
)
if xE < 0
(6.6)
where xE , yE are coordinates of the Elbow in the base reference frame {0} which is attached
to the mobile platform and LSB, LSE are the length of links Shoulder-Base and Shoulder-
Elbow respectively.
Under effects of the external momentM1, the parameter ϕ1 tends to reach to a steady
equilibrium value:
ϕ1,steady =
Kf1M1
Ke1
+ ϕ1,0. (6.7)
When the external moment M1 is high, for instance, obstacles could approach the mobile
platform so close, the steady value ϕ1,steady may exceed the limits of the parameter ϕ1,
which is determined by geometric constraints or physical joint limits of the robotic arm.
Therefore, the coefficient Kf1 is used to control the effect of the repulsive moment M1:
Kf1 =
1
1 + exp
(
−ϕ1−ϕ1,min
σf1
) + 1
1 + exp
(
ϕ1−ϕ1,max
σf1
) − 1. (6.8)
where ϕ1,min, ϕ1,max are minimum and maximum allowed value of ϕ1 and the coefficient
σf1 controls the decay rate of Kf1 when ϕ1 approaches to its limits. In normal operation,
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Figure 6.5: Graph of the coefficientKf1 which protects ϕ1 from reaching to its limits when
the obstacles repulsive torque becomes excessive (See Eq 6.8).
Kf1 is equal to 1 and the repulsive moment M1 exerts its full effects on ϕ1. When ϕ1
reaches to its limits, Kf1 becomes 0 and ϕ1 is protected from excessive moments due to
obstacles (Figure 6.5).
The stiffness of the virtual system is defined by the elastic coefficients, i.e. Ke1 and
Ke2. A high stiffness makes the mobile platform to respond quickly for supporting the
manipulator (Figure 6.6-A,B,C). It means that the opening angle of the arm from the body
ϕ1 and the arm stretching length L2 are kept close to their equilibrium values, defined by a
desired pose of the mobile manipulator. Meanwhile, if the stiffness is low, the robotic arm
is loosed from the mobile platform (Figure 6.6-D,E,F). When navigating close to obstacles,
a high stiffness limits the mobile manipulator’s flexibility for obstacles avoidance. The
higher stiffness the virtual system has, the stronger imaginary forces and torques from
obstacles must be generated to move the mobile platform. To exploit the capability of the
mobile manipulator for obstacle avoidance, the robotic arm is expected to stretch out as
much as possible, i.e. the Virtual Elastic System works near the limits of its parameters
ϕ1 and L2 when obstacles appear close to the mobile platform. With high stiffness, VES
parameters will change with high speed if these obstacles disappear suddenly, which
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may not be supported by the robot hardware. A soft link between the manipulator and
the mobile platform will allow the robot to avoid obstacles more elegantly.
Figure 6.6: Stiffness of the virtual system and its effect on the mobile manipulator per-
formance. A high stiffness makes the mobile platform to respond quickly for supporting
the manipulator (A,B,C) while a low stiffness allows the mobile platform loosed from the
mobile platform (D,E,F) (Video 5).
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Thus, the elastic coefficient Ke1 which represents the stiffness of the torsion spring
1, can be computed by:
Ke1 = λe1 +
κe1
1 + exp
(
−(ϕ1−ϕ1,min)
σe1
) + κe1
1 + exp
(
ϕ1−ϕ1,max
σe1
) − κe1. (6.9)
where λe1 is the basic stiffness which allows to soften the torsion spring 1 when it operates
near its limits, for instance, to avoid obstacles while the coefficient κe1 is an increased
stiffness which allows the mobile platform to react quickly in order to keep a desired pose
of the mobile manipulator. The coefficient σe1 is used to control the stiffness transition
rate.
When the difference between the current pose and the desired pose of the mobile
manipulator is large or the strength of the external moment M1 changes sharply, for ex-
ample, obstacles appear so close to the mobile platform or nearby obstacles disappear
suddenly, the high acceleration of ϕ1 may not be supported by the robotic hardwares, es-
pecially the robotic arm. Therefore, the acceleration ϕ¨1 needs to be adjusted by the inertia
coefficientKm1. A system with high inertial property has more protection from shocks but
slower settling time. The inertia momentum Km1 can be adjusted by using the following
equation:
Km1 = λm1 +
|ϕ1 − ϕ1,steady|
σm1
. (6.10)
where the first term is a basic momentum which allows the virtual system to reach to its
steady state quickly. The second term is an increased inertia momentum for regularizing
the system response when the difference between the current ϕ1 and its steady value
ϕ1,steady (Eq.6.7) is relatively large in comparison with the value of the coefficient σm1.
This increment is useful in situations that the mobile manipulator needs to recover from
an arbitrary configuration to a desired pose. For instance, Figure 6.7 depicts a scenario
where the robot needs to transform from a compact resting configuration to a desired
pose and be ready to interact with a human partner when he exerts forces on the end
effector by holding it. The increased inertia momentum protects the system from high
accelerations of VES parameters which are resulted from the large difference between the
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current configuration and the desired pose of the mobile manipulator. The transformation
is dynamic, i.e. the mobile manipulator will avoid obstacles which may appear during
the transformation.
Figure 6.7: The inertial property of the Virtual Elastic System is adjusted to protect the
system from high accelerations during the transformation from a compact configuration
of the mobile manipulator. The mobile manipulator is resting in a compact configuration
(A) and begins to tranform to a comfortable configuration when a human interacts with it
by touching the hand (B). An obstacle appears close to the robotic arm during the tranfor-
mation and the robot avoids the obstacle (C). The robot finish its tranformation and the
human takes the robot going around by holding its hand (D) (Video 6).
The damping coefficient Kv1 relates to other coefficients by the critically damping
condition with the damping ratio ς1 (Eq.6.4) equal to 1:
Kv1 = 2
√
Ke1Km1. (6.11)
Similarly, the length L2 of the tension spring 2 is governed by the dynamic equation:
L¨2 =
Kf2F2
Km2
− Kv2
Km2
L˙2 − Ke2
Km2
(L2 − L2,0), (6.12)
The current value L2 is computed from the configuration of the robotic arm:
L2 =
∥∥∥ →SW∥∥∥ = √x2W + (yW + LSB)2 + z2W . (6.13)
where xW , yW and zW are coordinates of the Wrist in the base reference frame {0} and LSB
is the length of the Shoulder-Base link. Under the effect of the repulsive force F2 due to
obstacles on the ground, the arm stretching length L2 tends to reach to a steady value
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L2,steady:
L2,steady =
Kf2F2
Ke2
+ L2,0. (6.14)
The coefficientsKf2, Ke2, Km2 andKv2 in Eq.6.12 are determined from the following
equations:
Kf2 =
1
1 + exp
(
−L2−L2,min
σf2
) + 1
1 + exp
(
L2−L2,max
σf2
) − 1. (6.15)
where F2 is the total external repulsive force, exerted by obstacles on the ground and
the coefficient Kf2 will prevent the robotic arm from stretching or retracting beyond its
limits when obstacles appear so close to the mobile platform. The stiffness of the spring,
governed by the elastic coefficient Ke2, is kept high to give fast response of the mobile
platform for keeping a desired pose for the mobile manipulator. However, the elastic
coefficient Ke2 should become low for enabling the manipulator to stretch as much as
possible when the mobile platform navigates close to obstacles.
Ke2 = λe2 +
κe2
1 + exp
(
−L2−L2,min
σe2
) + κe2
1 + exp
(
L2−L2,max
σe2
) − κe2. (6.16)
The inertia mass property, represented by Km2, protects the system from shocks when the
acceleration L¨2 becomes too high.
Km2 = λ2 +
|L2 − L2,steady|
σm2
. (6.17)
The damping coefficient Kv2 is determined by the critically damping condition which
ensures fast responses without oscillations.
Kv2 = 2
√
Ke2Km2. (6.18)
After the new state of the Virtual Elastic System is determined with a set of param-
eters {ϕ1, L2} and their derivatives, these changes need to be commited in the real world
by converting these parameters into linear and angular velocity of the mobile platform.
ωmob = ϕ˙1, (6.19)
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Vmob = −L˙2 cos
(→
x0,
→
SW
)
= −L˙2xW
L2
. (6.20)
where xW is the x coordinate of the Wrist in the reference frame {0}.
Whenever the VES parameters {ϕ1,L2} changes , for instance, because the end effec-
tor is performing tasks or the manipulator is avoiding obstacles, the mobile platform will
move to restore the robot pose to a desired one. Therefore, in order to decouple the move-
ment of the end effector and the mobile platform, the end effector velocity, which results
from the mobile platform movement, needs to be substracted from the desired velocity
for the Hand (Figure 6.8). The end effector velocity for decoupling is calculated by:
VH,decoupling =

vX
vY
vZ
ωX
ωY
ωZ

=

Vmob − ωmob yH
ωmob xH
0
0
0
ωmob

. (6.21)
where xH and yH are coordinates of the center of the Hand in reference frame {0}.
6.4 Control of an anthropomorphic mobile manipulator
6.4.1 Control of a nonholonomic mobile platform
The obstacle avoidance behavior for the mobile platform is implemented, using a Non-
linear Dynamical Systems approach (Bicho et al. [2000]). Static or dynamic obstacles exert
their repulsive forcelets on the mobile platform as functions of sensed distances and ori-
entations. The effects of these forcelets on the Virtual Elastic System are represented as a
total moment M1 and a total force F2. The total repulsive moment M1, which makes the
mobile platform to rotate away from obstacles, is computed by the following equation:
M1 =
∑
i
M1,i =
∑
i
λi(φ− ψi) exp(−(φ− ψi)
2
2σ2i
), (6.22)
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Figure 6.8: The end effector velocity vector, which results from the movement of the mo-
bile platform, needs to be substracted from the desired end effector velocity in order to
decouple the movement of the mobile platform and the end effector
where φ is the heading direction of the mobile platform, ψi is the orientation of the ith
obtacle to the mobile platform in the world as illustrated in Figure 6.9. The term (φ− ψi)
is the relative direction from the robot to the ith obstacle:
φ− ψi = −θi, (6.23)
where θi is the relative pointing angle of the ith distance sensor which is constant due
to the sensor position. The method allows to aquire orientations from obstacles to the
mobile platform without the information about the position and orientation of the mobile
platform and obstacles in the world. Thus, a set of low level sensors such as infra-red
sensors can be used for distance sensing. In the robot Dumbo, a laser range finder allows
to define the number of distance sensors and their respective pointing angles.
The term λi in Eq.6.22 represents the strength of repulsion, decreasing by the sensed
distance di:
λi = β1 exp
(−di
β2
)
, (6.24)
The coefficient β1 determines the maximum strength while the coefficient β2 affects the
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Figure 6.9: A dynamical system approach which achieves the obstacles avoidance behav-
ior for the mobile platform, takes account of the Shoulder of the side-mounted robotic
arm
decay rate of the repulsive forcelet as the distance to the obstacle di increases.
The term σi in Eq 6.22 determines the angular range over which the obstacle exerts
its repulsive effect. Taking account of the position of the Shoulder which is fixed in the
base reference frame {0}, the angular range σi is computed from:
σi =

arctan
(
tan(
∆θ
2
) +
Rrobot
di
)
if θi > 0
arctan
(
tan(
∆θ
2
) +
LSB
di
)
if θi < 0
(6.25)
where ∆θ is the angular detection range of the ith sensor, Rrobot is the radius of the mobile
platform and LSB is the length of the link Shoulder-Base. When the ith obtacle is in the
left of the mobile platform, i.e. θi > 0, the robot’s size should be taken into account when
it passes next to an obstacle. If the obstacle is in the right, the length from the Shoulder to
the center of the mobile platform should be taken into account.
The total repulsive force F2, which pushes the mobile platform from obstacles, is
78
6. THE VIRTUAL ELASTIC SYSTEM FOR MOBILE MANIPULATORS
computed by the following equation:
F2 =
∑
i
−κ exp
(−di
D
)
cos(φ− ψi) =
∑
i
−κ exp
(−di
D
)
cos(θi). (6.26)
where the constant coefficient κ represents the maximum strength of each repulsive force
contribution, D is to control the distance from which the ith obstacle pushes the mobile
platform and the term φ − ψi = −θi is the relative direction of the obstacle to the robot
heading orientation for taking account that a nonholonomic mobile platform only moves
forward or backward directly.
The total moment M1 and the total force F2 are inputs to the Virtual Elastic System
and the linear and angular velocities of the mobile platform are generated by Eq 6.19 and
Eq 6.20, respectively.
6.4.2 Control of a 7-DOF anthropomorphic robotic arm
The nullspace optimisation technique which was developed in Chapter 4, allows to spec-
ify the joint-space vector q˙opt from criterion functions which need to be optimised for
adding behaviors including the joints limits avoidance and real-time obstacles avoidance.
Figure 6.10 illustrates the ability of the mobile manipulator to avoid obstacles inter-
fering with the robotic arm while the robot is holding an handle in its hand and transport-
ing an object with a human. When an obstacle appears below the robotic arm, the arm is
lifted up. When an obstacle appears above the arm and keeps approaching the arm, the
robot keeps lowering its arm to avoid collisions with the obstacle while the end effector
keeps doing the transportation task without disturbances.
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Figure 6.10: Real-time obstacle avoidance and joints limit avoidance makes the robotic
arm to avoid dynamic obstacles flexibly while the end effector is performing an object
transportation task. When an obstacle appears below the robotic arm (A), the arm is lifted
up (B). When an obstacle appears above the arm (C), the robot keeps lowering its arm
when the obstacle approaches the arm (D) (Video 7).
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6.5 Experiments in physical Human-Robot Interaction sce-
narios
This section presents experiments of controlling an anthropomorphic mobile manipula-
tor, using the Virtual Elastic System approach in tasks that involve physical contacts with
a human in unstructured and dynamic environments.
Figure 6.11 depicts a scenario in which the mobile platform needs to pass through
a small passage without collisions while a human holds the robotic hand and moves the
end effector. The experiment shows that the mobile platform can pass through the small
passage successfully while the movement of the end effector is constrained, regardless of
whether the passage is on its left (Figure 6.11-A,B,C) or right side (Figure 6.11-D,E,F).
Figure 6.12 illustrates the ability of the Virtual Elastic System for achieving flexible
movements in difficult situations which require the mobile manipulator to use up its ca-
pability for avoiding collisions with obstacles. In Figure 6.12-A, the robot approaches a
passage on its left side. Because the passage is smaller than its size, the repulsive force
and torque from obstacles pushes the robot to rotate away (Figure 6.12-B). The robot man-
ages to go around and avoid all obstacles flexibly while the end effector is constrained by
physical contact with the human partner (Figure 6.12-C,D).
Because the Virtual Elastic System controls the relative configuration between the
manipulator and the mobile platform, the VES parameters, i.e. the opening angle of the
arm from the body ϕ1 and the arm stretching length L2 reflect the state of the mobile
manipulator. Therefore, the robot knows its limits whenever human movements lead
the robot to a dangerous situation. When values of the VES parameters reach close to
their limits which are defined by physical limits of joints and geometric constraints of the
mobile manipulator, the robot can use a speech synthesis to instruct the human partner to
move to a more favorable direction. The robot will tell the human to move to its right if the
opening angle of the arm from the body ϕ1 becomes smaller than an allowed value ϕ1,low,
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Figure 6.11: Scenario for demonstrating the obstacle avoidance of the mobile platform
while the movement of the end effector is constrained by physical contacts with humans.
The anthropomorphic mobile manipulator needs to pass through a small passage which is
formed by obstacles on the ground while the robotic hand is held and pulled by a human.
The mobile platform turns and passes through a passage on its right side (A,B,C). And the
mobile platform also turns and goes through a passage on its left side without collisions
(D,E,F) (Video 8).
Figure 6.12: Scenario for showing that the Virtual Elastic System allows to achieve flexbile
movements in difficult situations which require the mobile manipulator to use up its capa-
bility for avoiding collisions with obstacles. The robot attempts to pass through a passage
on its right (A). Because the passage is smaller than the size of the mobile platform, the
repulsive force and torque from obstacles pushes the robot away (B). The robot manages
to go around and avoid all obstacles flexibly (C,D) while the end effector is constrained
by physical contacts with the human partner (Video 9).
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the arm stretching length L2 is larger than an allowed value L2,high and the repulsive force
F2 is strong enough.
To right side if

ϕ1 < ϕ1,low
L2 > L2,high
F2 > F2,high
(6.27)
This situation is shown in Figure 6.13. A human holds and moves the robotic hand
Figure 6.13: Scenario for illustrating that VES parameters allow the robot to know its
limits. The robot attempts to go through a passage in its right (A). Because the passage
is too small for the robot to go through, repulsive force and torque from obstacles on the
ground prevent the mobile platform from forwarding while the end effector still keeps
moving by forces and torques exerted by a human partner (B). The robot tells the human
to support him by moving to its right (C). When the repulsive force become weak enough,
the robot tells the human to proceed as he wishes and the robot passes through obstacles
sucessfully (D) (Video 10).
and the mobile platform encounters obstacles which are blocking its way (Figure 6.13-A).
There is a passage nearby but it is too small for the mobile manipulator to go through.
The robot tries to pass the passage but repulsive force and torque from obstacles push it
to rotate away (Figure 6.13-B). The mobile platform can not come closer to obstacles but
the end effector still moves by physical contacts with the human. When the condition
in Eq.6.27 meets i.e. the robot can not avoid obstacles itself, the robot tells the human to
move to its right side so that the robot can continue to avoid obstacles (Figure 6.13-C).
When repulsive forces become low enough, the robot tells the human to proceed as he
wishes (Figure 6.13-D).
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The mobile manipulator will tell the human to move to its left if the opening angle
of the arm from the body ϕ1 becomes large, the arm stretches all the way it can and the
repulsive force F2 is still strong.
To left side if

ϕ1 > ϕ1,high
L2 > L2,high
F2 > F2,high
(6.28)
Figure 6.14: Scenario of a difficult situation which the robot can not overcome itself and
it needs to tell the human to support him. The robot attempts to go through a passage in
its left (A). Because the passage is too small for the robot to go through, the robot rotates
and tries to go around while the end effector still keeps moving by forces and torques
exerted by the human partner (B). Because the blocking obstacle is too long, the robot
tries to stretch its arm but still not enough to pass through the obstacles. The robot tells
the human to help him by moving to its left (C). When the repulsive force becomes low, the
mobile manipulator tell the human to proceed as he wish and the robot avoids obstacles
sucessfully (D,E,F) (Video 11).
An example situation is shown in Figure 6.14 where the robot is blocking by long
obstacles. The mobile platform tries to pass through a nearby passage in its left but repul-
84
6. THE VIRTUAL ELASTIC SYSTEM FOR MOBILE MANIPULATORS
sive forces from obstacles are strong enough to push the robot away because of the small
size of the passage (Figure 6.14-B). The robot tends to go around the obstacles. However,
the obstacle is long, the robotic arm stretches close to its limit and the condition in Eq.6.28
meets. The anthropomorphic mobile manipulator tells the human to move to its right
(Figure 6.14-C) and the robot passes the long obstacle (Figure 6.14-D,E,F).
Other states of the mobile manipulator can be acknowledged from VES parameters.
For instance, if the robotic arm stretches too much, i.e. L2 > L2,high without repulsive
forces from obstacles, the robot says "You pull my hand so hard". Similarly, when the arm
is retracted close to its limit, i.e. L2 < L2,low, the robot says "You push so hard". When
the opening angle of the arm from the body ϕ1 comes close to its limits and there is no
significant repulsive force from obstacles, the robot says "You move too fast". These ver-
bal feedback allows the human to adjust himself and thus, achieving successful physical
interactions. These situations are illustrated in Figure 6.15.
The Virtual Elastic System approach allows to achieve the obstacles avoidance be-
havior for both the manipulator and the mobile platform simultaneously as illustrated in
Figure 6.16. A human interacts with the robot by holding its hand and moves toward a
small passage. There is a magenta object which is nearby the passage and high enough to
interfere with the robotic arm if the mobile platform passes through the passage (Figure
6.16-A). When the robot approaches the passage, it tries to lower the arm to avoid the
magenta obstacle (Figure 6.16-B,C,D). The mobile manipulator goes through the passage
elegantly without any obstacle collision of the manipulator or the mobile platform (Figure
6.16-E,F,G). When there is no obstacle interfering with the robotic arm, the anthropomor-
phic mobile manipulator recovers its pose (Figure 6.16-H). The experiment proves the
efficiency of the developed method in achieving free obstacles navigations for the whole
mobile manipulator while the movement of the end effector is constrained by physical
contacts with the human.
Finally, the effectiveness of the developed method in controlling anthropomorphic
mobile manipulator for physical human robot interaction tasks in unstructured and dy-
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Figure 6.15: Some situations that the robot tells the human partner to adjust his physical
interactions because the anthropomorphic mobile manipulator has difficulties to keep up
with him. When the arm stretches too much, the robot says "You pull my hand so hard"
(A). When the arm retracts close to its limit, the robot says "You push so hard" (B). When
the human moves the end effector too quickly for the mobile platform to react and the
opening angle of the arm from the body ϕ1 becomes small and the robot says "You move
too fast" (C) (Video 12).
namic environments is presented by the scenario in Figure 6.17 which covers many sub-
tasks of the Human-Robot Joint Transportation. From Figure 6.17-A to Figure 6.17-I, a
human partner holds the robotic hand and takes the robot to the object that he wants
to transport. When the robot has difficulties to avoid a long object which appears and
blocks the way of the robot (Figure 6.17-B,C) while the movement of the end effector is
constrained by physical contacts with the human, the robot tells the human to move to its
left (Figure 6.17-D) and the robot manages to go around the long obstacle (Figure 6.17-E).
Next, it navigates safety around some obstacles (yellow ones) of an unstructured envi-
ronment (Figure 6.17-F). When another human is walking near the robot (Figure 6.17-G),
the stereo vision system captures coodinates of the human, based on the red color of the
T-shirt of the human. Then, the robot avoids collision with the human by lifting up its
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Figure 6.16: Scenario that requires the obstacles avoidance ability of both the manipulator
and the mobile platform at the same time. A human takes the robot to move toward a
small passage with a magenta object nearby (A). When the robot approaches the passage,
it tries to lower the arm to avoid the magenta obstacle (B,C,D). The robot passes through
the passage sucessfully with elegant obstacles avoidances from both the manipulator and
the mobile platform (E,F,G). When there is no obstacle interfering with the robotic arm,
the anthropomorphic mobile manipulator recovers its pose (H) (Video 13).
arm (Figure 6.17-H). When there is no obtacle interfering with the robotic arm, the mobile
manipulator recovers its pose (Figure 6.17-I). The robot knows it has reached to the ob-
ject that needs to be transported when the human partner lowers the robotic hand down
enough (Figure 6.17-J). The robot rotates its neck and looks at the green handle of the ob-
ject. After that, the robot opens its hand, comes closer to the target object and picks up the
handle (Figure 6.17-K). The object is lifted up (Figure 6.17-L) and the mobile manipulator
transports it cooperatively with the human around the yellow obstacle distributed on the
ground (Figure 6.17-M). When a long obstacle appears and blocks its way (Figure 6.17-N),
the robot tells the human partner to move to its left (Figure 6.17-O) and avoids collisions
with the obstacle successfully (Figure 6.17-P). When a human passes close to the robot,
the robot lowers its arm to avoid him (Figure 6.17-Q). When the object has reached to
its desired position, the human partner lowers the load. The robot opens its hand and
releases the handle.
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Figure 6.17: Scenario for illustrating the Human-Robot Joint Transportation task. A hu-
man partner holds the robotic hand and takes the robot to the object that he wants to
transport (from A to I) with obstacles avoidance. After grasping the handle (J,K,L), the
robot transports an object with a human partner in dynamic environment (from M to U)
(Video 14).
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6.6 Extensions of Virtual Elastic System on holonomic mo-
bile platforms or higher DOF manipulators
This section is dedicated for further dicussions about the proposed Virtual Elastic System
approach. As previously stated in Section 6.3, two parameters {ϕ1, L2} among three VES
parameters, i.e. the opening angle of the arm from the body ϕ1, the arm stretching length
L2 and the wrist angle ϕ3, are chosen to be controlled independently in anthropomor-
phic mobile manipulators whose the mobile platform is nonholonomic. In these mobile
manipulators, continuous control of the wrist angle ϕ3 yields a poor performance.
Figure 6.18: Control of the parameter ϕ3 degrades the performance of the anthropomor-
phic mobile manipulators whose the mobile platform is nonholonomic. A small change of
ϕ3 requires the mobile platform to move a considerable distance and direct paths are usu-
ally unfeasible because of physical limits of joints or geometric contraints of the mobile
manipulator. A considerable amount of time needs to be spent so that the robot recovers
the wrist angle ϕ3 by indirect paths.
Lets consider that the wrist of the manipulator rotates a small angle of ∆ϕ3 as il-
lustrated in Figure 6.18. Because of the length of the robotic arm, a small change ∆ϕ3
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requires the mobile platform to move a considerable distance from the point B to B’ if
the angle ϕ3 is controlled. The nonholonomic mobile platform can move either in direct
paths or indirect paths to recover the wrist angle. Direct paths allows the mobile platform
to react quickly but are usually unfeasible because of physical limits of joints or geomet-
ric contraints of the mobile manipulator. They are only suitable for manipulators whose
Shoulder-Base link is short, relative to the arm length and thus converging to situations of
top, center mounted manipulators. Indirect paths, which are always available, should be
used for anthropomorphic robotic arm. However, the robot needs to spend a considerable
amount of time for recovering the wrist angle ϕ3 by indirect paths.
Therefore, the wrist angle needs to be kept away from its limits by another solution
instead of controlling it for a desired value. Normally, the value of ϕ3 rarely enters into
a critical region because whenever the end effector moves forward, the angle ϕ3 will be
restored to a value in the middle of its range. This issue is illustrated by a simulation in
Figure 6.19. The end effector moves in straight lines (the green path) and the mobile plat-
form tries to recover the pose of the manipulator by using the Virtual Elastic System (the
red path). The coordinates of important points such as the center and the orientation of
the mobile platform, the center of the Shoulder, the Wrist and the Hand of the manipula-
tor are computed in MatlabTM and the graphical visual is provided by plotting their x and
y coordinates in a 2D graph. The unstructured environment is simulated by the dynamic
appearance of obstacles on the ground, represented by magenta circles. The simulation
shows that forward movements of the end effector will restore the angle ϕ3 regardless of
whether the wrist angle ϕ3 becomes too large (Figure 6.19-C) or too small (Figure 6.19-E).
The experiment in Figure 6.20 also proves that forward movements of the end effector
restore ϕ3 from its limits. Therefore, the forward movement of the end effector can be a
solution for keeping the wrist angle ϕ3 in its limits without slowing down the reaction of
the mobile platform.
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Figure 6.19: Simulation shows that whenever the end effector moves forward, the angle
ϕ3 converges to a value in the middle of its range regardless of whether ϕ3 is near its
upper limit (C) or lower limit (E).
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Figure 6.20: Experiment shows that the wrist angle ϕ3 will be restored to a value in the
middle of its range whenever the end effector moves forward regardless of whether the
angle ϕ3 become too large (A) or too small (C) (Video 15).
6.6.1 Extensions for anthropomorphicmobilemanipulatorswith a holo-
nomic mobile platform
In anthropomorphic mobile manipulators with a holonomic mobile platform, the Virtual
Elastic System can be extended as in Figure 6.21. Because the holonomic mobile platform
can move in any direction directly, no repulsive moment is applied on the mobile plat-
form by obstacles. The effect of obstacles on the mobile platform is represented as a total
repulsive force Fobs, which is computed from the following equation:
→
F obs =
(∑
i
−κ exp
(−di
D
)
cos(φ− ψi)
)
→
eX0
+
(∑
i
κ exp
(−di
D
)
sin(φ− ψi)
)
→
e Y 0 (6.29)
=
(∑
i
−κ exp
(−di
D
)
cos(θi)
)
→
eX0
+
(∑
i
−κ exp
(−di
D
)
sin(θi)
)
→
e Y 0 . (6.30)
where di is the distance from the ith obstacle to the center of the mobile platform. The
coefficient κ determines the maximum strength of each repulsive force contribution and
can be chosen as a constant. The coefficient D is to control the distance from which the
ith obstacle exerts its repulsive force to push the mobile platform. The term φ − ψi is the
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Figure 6.21: Virtual Elastic System for holonomic mobile platforms
relative direction from the robot to the ith obstacle that is equal to the additive inverse of
θi, the relative pointing angle of the ith distance sensor which is constant due to the sensor
position. Therefore, the obstacle avoidance behavior for the mobile platform is achieved
just by sensed distances from distance sensors without information about the position
and orientation of the mobile platform and obstacles in the world.
Three VES parameters {ϕ1, L2, ϕ3} can be controlled independently and governed
by the following VES equations:
Km1ϕ¨1 +Kv1ϕ˙1 +Ke1(ϕ1 − ϕ1,0) = 0, (6.31)
Km2L¨2 +Kv2L˙2 +Ke2(L2 − L2,0) = −Kf2Fobs,x, (6.32)
Km3ϕ¨3 +Kv3ϕ˙3 +Ke3(ϕ3 − ϕ3,0) = Kf3Fobs,y. (6.33)
where the current value of the opening angle of the arm from the body ϕ1 and the arm
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stretching length L2 are calculated from Eq.6.5 and Eq.6.13 respectively. The current value
of the wrist angle ϕ3 is computed by:
ϕ3 =

arccos
( →
WE ·
→
WH
LWE LWH
)
if (
→
WE ×
→
WH)z > 0
2pi − arccos
( →
WE ·
→
WH
LWE LWH
)
if (
→
WE ×
→
WH)z < 0
(6.34)
where W, E, H are the position of the Wrist, Elbow and the Hand in the base reference
frame {0} respectively and LWE , LWH are the length of links Wrist-Elbow and Wrist-Hand.
The term (
→
WE ×
→
WH)z is the z component of the cross product of the vector
→
WE and
→
WH .
The VES parameters and coefficients in Eq 6.31, 6.32 and 6.33 changes dynamically
in the same way which has been presented in Section 6.3 for the mobile manipulator with
a nonholonomic platform. After the new state of the Virtual Elastic System is generated,
the changes in VES parameters, i.e. ϕ˙1, L˙2 and ϕ˙3, will be converted into the velocity of
the holonomic mobile platform, i.e. Vmob,x, Vmob,y and ωmob.
ωmob = ϕ˙1, (6.35)
Vmob,x = −L˙2, (6.36)
Vmob,x = −ϕ˙3 xW . (6.37)
where xW is the x coordinate of the Wrist in the reference frame {0}.
The simulation in Figure 6.22 illustrates the control of an anthropomorphic mobile
manipulator with a 7-DOF manipulator, side-mounted on a holonomic mobile platform
in an unstructured environment. The mobile platform avoids successfully dynamic ob-
stacles which appear in its vicinity, while maintaining a desired pose for the mobile ma-
nipulator.
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Figure 6.22: Simulation of controlling a 7-DOF manipulator, side-mounted on a holo-
nomic mobile platform in an untructured environment by using the Virtual Elastic System
approach. (Video 16)
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6.6.2 Extensions for mobile manipulators with higher degrees of free-
dom manipulators
Figure 6.23: Virtual Elastic System for other mobile manipulators with higher degrees of
freedom manipulators
The Virtual Elastic System can also be adapted for other mobile manipulators with
higher degrees of freedom (Figure 6.23). Three VES parameters, including ϕ1 that rep-
resents the opening angle of the robotic arm from its body, L2 that features the reaching
and retracting ability of the robotic arm, and ϕ3 that is the wrist angle, are still chosen for
characterizing the relative position of the mobile platform with the end effector.
For controlling these parameters, depending on whether the mobile manipulator
is a nonholonomic or holonomic one, the respective control strategy in Section 6.3 or in
Section 6.6.1 can be applied. Figure 6.24 depicts a simulation scenario for controlling
of a 11-DOF manipulator, side-mounted on a nonholonomic mobile platform in a dy-
namic obstacle environment, while Figure 6.25 presents a simulation of controlling a 11-
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Figure 6.24: Simulation of controlling a 11-DOF manipulator, side-mounted on a nonholo-
nomic mobile platform in an untructured environment by using the Virtual Elastic System
approach
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Figure 6.25: Simulation of controlling a 11-DOF manipulator, side-mounted on a holo-
nomic mobile platform in an untructured environment by using the Virtual Elastic System
approach
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DOF manipulator, side-mounted on a holonomic mobile platform. The robots have been
manipulated with high dexterity and flexibilty, proving the efficiency of the developed
method.
6.7 Conclusion
In this chapter, a novel Virtual Elastic System approach is proposed to control anthro-
pomorphic mobile manipulators which are capable to provide friendly interactions with
humans but possess more geometric and kinematic constraints than conventional cen-
tered and top mounted mobile manipulators. The Virtual Elastic System maintains a
desired pose for the mobile manipulator flexibly, which enables the combination of an In-
verse Differential Kinematics for the redundant manipulator and a Dynamical System
for the nonholonomic mobile platform. Experiments which involves physical human
contact and the Human-Robot Joint Transportation, have proved the effectiveness of the
developed method for physical human-robot interaction tasks with free obstacles move-
ments for both the manipulator and the mobile platform simultaneously in unstructured
and dynamic environments. Extensions for mobile manipulators with holonomic mo-
bile platform or higher degrees of freedom manipulator (11-DOF) have been illustrated
with simulations, proving the Virtual Elastic System as a powerful approach for control-
ling anthropomorphic mobile manipulators in particular and also mobile manipulators
in general.
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Conclusion
7.1 Summary and discussion
In this dissertation, the differential kinematics of a 7-DOF anthropomorphic manipulator
has been studied thoroughly, including the construction of the Jacobian matrix, the Jaco-
bian decomposition technique which allows to decompose the Jacobian into three simple
matrix and the redundancy exploitation. The singularity analysis is carried out by a pro-
posed technique to explore exhausively singularities of the redundant robotic arm.
The thesis has also contributed with a real-time obstacle avoidance strategy for con-
trolling anthropomorphic robotic arms in dynamic obstacle environments, taking account
of sudden appearances or disappearances of mobile obstacles, while ensuring the safety
of the robotic arm from exceeding the physical limits of joints in terms of position, veloc-
ity and acceleration. The singularities avoidance is also included. The efficiency of the
control method is validated through simulations and also experiments.
A method for compensating force errors due to changes in the orientation of end
effectors, independent of structures of force sensors, has been developed to achieve higher
efficiency in force control applications. The need of the method and also its effectiveness
are illustrated through experiments.
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A novel method, so-called the Virtual Elastic System, is proposed to control mo-
bile manipulators for physical Human-Robot Interaction tasks in dynamic environments,
which enables the combination of an Inverse Differential Kinematics for redundant robotic
arms and a Dynamical Systems approach for nonholonomic mobile platforms. Experi-
ments with a 7-DOF robotic arm, side-mounted on a nonholonomic mobile platform, are
presented with the whole robot obstacle avoidance, proving the efficiency of the devel-
oped method in pHRI scenarios, more specifically, cooperative human-robot object trans-
portation tasks in dynamic environments. Extensions of the method for other mobile ma-
nipulators with holonomic mobile platforms or higher degrees of freedom manipulators
(11-DOF) are also demonstrated through simulations.
The control software in C++ (Figure A.1) and the simulator in Matlab (Figure A.3)
are user-friendly. User can select the task which needs to be performed. New tasks can
be added to the list of available task. These resources can be used and extended for
other research projects in the Anthropomorphic and Mobile Robotics Laboratory of the
University of Minho.
7.2 Outlook
The work described in this dissertation offers various possibilities for further research.
One possibility is imposing human-like movements for the manipulator. In the control
of the 7-DOF anthropomorphic robotic arm, the performance criteria for the joint lim-
its avoidance, the singularity avoidance and the obstacle avoidance behaviors are con-
structed and optimised in order to achieve safe movements in dynamic environments.
The studies about the performance criterion of human-liked movements can be carried
out for achieving more human-like movements.
The proposed force and torque compensation method allows to eliminate the effect
of the end effector orientation on force and torque readings, and also static errors from
the end effector and the force sensor. The method can be extended with a method for
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eliminating dynamic errors which become considerable in fast movements with high ac-
celerations. One possibility is modelling the end effector as a mass and determining its
coordinates in the force sensor reference frame.
The proposed Virtual Elastic System approach allows to maintain a desired pose
for many types of mobile manipulators with a side-mounted robotic arm. The control of
mobile manipulators with two side-mounted robotic arms is an interesting possibility for
extending the work presented here. In bimanual object manipulation, we need to cope
the synchronization, motor control and force distribution between two arms.
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Appendix A
Developed control software and
simulators
During the work, a control software for controlling the anthropomorphic robotic systems,
i.e. ARoS and Dumbo, has been developed in C++ and organised into classes for the ease
of future developments (Figure A.1). The software allows to connect to many devices
which are available in the robots. It can be extended by adding new tasks to the list of the
available tasks.
In addition, a Differential Kinematics simulator has been developed in MatlabTM
to simulate the control of a 7-DOF manipulator in velocity contrained tasks (Figure A.2).
Obstacles can be added to the workspace at a specific time to simulate the obstacle avoid-
ance behavior. The joint values, which are integrated from the joint velocities, are used
to update the new pose of the manipulator. The graphical models in 3D, developed pre-
viously by Eliana during her PhD thesis, receives joint values as inputs to update the
robotic arm configuration and gives graphical visual of movements.
Another simulator, which allows to simulate the control of several types of mobile
manipulators, including a 7-DOF manipulator, side-mounted on a nonholonomic mobile
platform, a 7-DOF manipulator, side-mounted on a holonomic mobile platform, a 11-DOF
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Figure A.1: The developed control software for controlling the anthropomorphic robotic
systems, ARoS and Dumbo
manipulator, side-mounted on a nonholonomic mobile platform and a 11-DOF manipu-
lator, side-mounted on a holonomic mobile platform, have been developed in MatlabTM
(Figure A.3). New types of mobile manipulators can be added to the simulator.
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Figure A.2: The developed simulator for simulating the control of a 7-DOF manipulator
in dynamic obstacle environments, using Differential Kinematics. The joint values, which
are intergrated from the joint velocities, are used to update the new pose of the manipula-
tor and the graphical models in 3D were developed previously by Eliana during her PhD
thesis
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Figure A.3: The developed simulator for simulating the control of several types of mobile
manipulators in unstructured environments with dynamic obstacles on the ground
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Appendix B
List of Multimedia
Table B.1: List of Multimedia
Video Description
1 Tracking and grasping a mobile object in a dynamic obstacle environment
2 Drawing an ellipse on a paper sheet in a dynamic obstacle environment by
controlling the end effector velocity
3 Drawing an ellipse upon the fragile surface of a stretched and floating paper
sheet with and without the compensation of the end effector orientation in
the force and torque readings
4 The robot ARoS reacts sensitively to forces and torques interations from a
human in a dynamic obstacle environment
5 Stiffness of the virtual system and its effects on the mobile manipulator per-
formance
6 The inertial property of the Virtual Elastic System is adjusted to protect the
system from high accelerations during the transformation from a compact
configuration of the mobile manipulator
Continued on next page
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Table B.1 – continued from previous page
Video Description
7 Obstacle avoidance of the manipulator when the mobile manipulator is per-
forming an object transportation task
8 Dumbo passes through a small passage either on its left or right side
9 Dumbo goes around a passage, smaller than its size, on its left, showing that
the Virtual Elastic System allows to achieve flexbile movements in difficult
situations which require the mobile manipulator to use up its capability for
avoiding collisions with obstacles.
10 Dumbo goes around a passage, smaller than its size on its right, illustrating
that VES parameters allow the robot to know its limits.
11 Dumbo goes around a passage, smaller than its size, on its left with the
support from the human partner to avoid a long obstacle
12 Some situations that the robot tells the human partner to adjust his physical
interactions
13 Obstacles avoidance of both the manipulator and the mobile platform at the
same time
14 Human Robot Joint Transportation
15 Wrist angle recovery
16 Simulations of controlling several types of mobile manipulators in unstruc-
tured environments with obstacles appearing on the ground, including a
7-DOF manipulator or a 11-DOF manipulator, side-mounted on a nonholo-
nomic or a holonomic platform.
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Parameters and their value
Table C.1: Parameters and their value
Joint limits avoidance VES parameter ϕ1 VES parameter L2 Dynamical system
Kj1 = 0.4 σf1 = 3 σf2 = 3 β1 = 45
Kj2 = 0.05 ϕ1,min = 100pi/180 L2,min = 580 β2 = 30
Kj3 = 0.3 ϕ1,max = 220pi/180 L2,max = 700 Rrobot = 30
Kj4 = 0.2 ϕ1,0 = 130pi/180 L2,0 = 630 κ = 200
Singularity avoidance σe1 = 2pi/180 σe2 = 3 D = 20
Ks1 = 10
−5 κe1 = 40 κe2 = 70
Ks2 = 0.2 λe1 = 10 λe2 = 30
 = 10−3 λm1 = 1 λm2 = 1
∆θ = 10−3 σm1 = 10pi/180 σm2 = 600
Obstacle avoidance
Koff = 70
Kr1 = 2
Kr2 = 6
Kf1 = 3
Kf2 = 0.1
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